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The bond energy of a chemical bond is defined to include three kinds of terms:

The first one describes the reorganization

energy needed to change the length of the bond from its state in the corresponding free radical to its length in the molecule

under consideration.

the reorganization energy of the bond.

Introduction

In an interesting paper Szwarc and Evans2
discuss the meaning of the average bond energy
and the bond dissociation energy and the relation
of these quantities to each other and to the force
constants of the molecule. Their remarks clarify
these concepts and they bring out their difference.
It is believed that a somewhat different approach
will further aid in the elucidation of these basic
ideas concerning bond energies and that the pro-
posed definition will help toward a still better under-
standing of the problem. Three terms are con-
sidered to be involved in the definition of bond
energies. The first two terms describe the energy
of separation of the two atoms of the bond from the
distance they have in the molecule to infinity or the
pure stretching of the bond. The heat of dissocia-
tion of the corresponding free radical is included in
this term. The third term concerns the changes in
bond energy due to the presence of other atoms.
Such a near-atom-influence or near-group-effect
has been mentioned by several authors.3-6 If the
molecule has m atoms and n bonds, there will be
m — 2 atoms affecting a given bond and altogether
n(m — 2) such effects must be considered. Atoms

(1) Financial support for this work has been received from ONR
under contract N-8 onr 79400.

(2) M. Sawarc and M. G. Evans, J. Chem. Phys., 18, 618 (1950).

() E. J R. Prosen and F. D. Rossini, J. research Natl. Bur. Stand-
ards, 27, 519 (1941).

(@) W. J. Taylor, J. M. Pignocco and F. D. Rossini, ibid., 34, 413
(1945).

(5) J. R. Platt, /. Chem. Phys., 15, 419 (1947).

(6) G. Glockler, ibid., 17, 748 (1949).

The second term is the heat of dissociation of the diatomic free radical and the third term takes into
account the changes in bond energy due to the presence of the other atoms.

The first and the third term together are called

at some distance from a given bond may have only
a slight effect on the bond energy. Atoms belong-
ing to a given group as for example the carbon and
hydrogen atoms of a methyl group may be con-
sidered together and are said to exert a near-group-
effect on the bond energy.

The near-bond-effect is another way by which the
influence of neighboring bonds may be described.
Again the bonds of a group of atoms may be con-
sidered together in their influence on the energy
of a given bond. In a molecule of n bonds there
would be n — 1 such near-bond-effects. The
influence of a bond rather far removed from a given
bond would be expected to be small.

A third point of view is based on the central force
field and it is supposed that the interactions of non-
bonded atoms may be invoked in the description
of bond energies. This method does not seem to be
adequate to describe the large changes which some-
times occur in the energy of a given bond as another
atom is added to the molecule. For example when
the free hydroxyl radical is placed in the environ-
ment of a water molecule, a large modification in the
average hydrogen-oxygen bond energy takes place.
This variation is rather to be considered on the
basis discussed by Heath and Linnett7 for the
water molecule, where they visualize a change in
hybridization of the OH bond due to the presence
of the other hydrogen atom. In general it is
a question of hyperconjugation as proposed by

(7) D. F. Heath and J w. Linnett, Trans. Faraday Soc., 44, 556
(1948).
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Mulliken,8 and all other features of interaction
such as van cer Waals, London dispersion, dipole
and induction effects. These fundamental con-
cepts have been discussed by Pauling.9 WalshD
mentions five factors affecting bond energies.
The problem of the detailed nature of this in-
fluence on a bond caused by another atom need not
be answered for the present purpose, which is to
show that average bond energies can be defined so
that their simple sum will equal the heat of atomization
and that this definition involves the heat of dissociation
of the corresponding free diatomic radical and a re-
organization energy. It is important to devise a
satisfactory definition for bond energies as they
are needed to calculate resonance energies. Since
the latter concept is certainly fashionable and useful
in chemistry, the problem of defining bond energy
deserves attention. Obviously the arbitrariness
inherent in the definition of bond energies will also
be involved in the calculated values of the reso-
nance energies.

Notation.—The following symbols are used:
B(AB;/n, ) = average bond energy of the bond AB

in the m-atomic molecule; so de-
fined that XB = Q(a,m). The
numbers m and <» in B indicate
limits of summation

average bond stretching energy of the
bond AB in the m-atomic molecule

heat of dissociation of the diatomic
free radical AB

bond dissociation energy of the mole-
cule ABC when atom C is removed

energy of the molecule

the 7th addition of energy to the mole-
cule along the path S causing
changes in all the coordinates

the 7th increment in the energy of the
molecule causing a change in the
bond length It,

the kth increment of the energy of the
molecule due to a change in the co-
ordinate Tj

number of “near-atom-influences” on
n bonds by m — 2 atoms = n(m —
2)

portion of bond energy ot the bond
AB due to the influence ol the neigh-
boring atom C in the »j-atomic
molecule

number of atoms in the molecule

—in — 1, ...mC2i, mC: = number of
chemical bonds in the molecule

heat of atomization of the m-atomic
molecule or radical (in a specified
state) to the m free atoms (in speci-
fied states) at infinity

internuclear distance of bond AB in
the ?i?.-atomic molecule

representative distance from the bond
AB to the atom C which influences
the bond, in the m-atomic molecule

reorganization energy involving a
change in bond length from 77(AB;-
m)to A(AB; m — 1)

reorganization energy of the bond AB
when it changes its locale from the

jBci(AB;?re, @) =
Z)(AB;2,c0) =

D(AB-C) =

AEi(h) =

AAIR]) =

ARIOG =

7(AB,Cj»i, @) =

S =
I

Q(a,m)
R(AB;»i) =
r(AB,C;m) =

RIABmM.yi—1] =

B¢'(AB;m,Mi-1) =

m-atomic to the (m — I)-atomic
molecule

S,S' = paths of summation of energy incre-
ments

(8) R. S. Mulliken, G. A. Rieke and W. G. Brown, J. Am. Chem.
Sac.. 63, 41 (1041).

(9) L. Pauling, “The Nature of the Chemical Bond,”
versity Press, Ithaca, X. Y., 1940.

(10) A. D. Walsh, J. Chem. Soc., 398 (1948).
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Bond Energies.— The potential energy (E) of a
molecule is given by Szwarc and Evans2as a func-
tion of the n internuclear distances of chemically
bonded atoms and 3m-Q-n angles. In order to be
able to write the total heat of atomization, Q(a,m)
as a sum of terms representing bond energies, they
define a particular path of integration L which
amounts to an expansion of the molecule while it
retains its shape. They state that this process is
phjrsically not realizable. However, it does not
seem impossible to imagine that energy can be
imparted to a molecule to cause its explosion in
such a way that all the atoms move away from the
center of gravity so as to retain their relative
distances in the ratios that existed in the original
structure. It is equally conceivable that a multiple
collision will cause the separated atoms to collect
together to form the molecule. Both processes will
be very rare occurrences but not physically im-
possible. In order to discuss the removal of an
atom from a molecule they define another reaction
path P which is physically realizable. In the case
of the triatomic molecule ABC these two processes
lead to the following expressions of the total heat
of atomization, Q(a, 3)

3) = ARey X dTiAB) +

yiJ(AB3IL oA(AB)
f" AA
pra@C3)L AF@Ey X dFBCG)  a = a ()
or
Q(a,’s) = B{AB;3,«) + 7i(BC;3,” ); (Path L)

and the total heat of atomization is represented by a
sum of bond energies. Considering the removal of
atom C from the molecule along the path P

OE
QA@3) X(BC,3)P aR(aB) X dB(BC)
aE X

J a (BC,3)P %%\/(B%) x "HBC) + JGA(BC,3)P Aa

X dfl(BC) +

OE
m m Xwho +>§Bcw AA(BC) X dA(BC) W

or

Q(a,.3) = D(AB-C) + D{AB; 2,0=); (Path P)
where
D(AB;2, co) = - xdfl(BC)

P i AA n
J/le(BC,2)r 'AA(BG)
or the heat of dissociation of the diatomic free
radical AB. These two expressions of the heat of
atomization of the triatomic molecule are well
defined. They differ markedly in concept so that
any relation between bond energies and bond dis-
sociation energies is not brought out as clearly as
is desirable. A more graphic description is pre-
sented by the attack of the problem as discussed
below. Of special interest seems to be the fact
that the definition of a bond energy (B) can involve
the heat of dissociation (D) of the corresponding-
free radical. It means that the latter quantity
may be considered as a norm or reference state for
the measurement of bond energy values.

In a molecule of m atoms, each bond is acted on
by m — 2 neighboring atoms. If the molecule has
n bonds, n can have the values m — 1, m,.. . .nC2
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— 1, mc2 The total number of atomic influences
is/ = nim—2)andn + / = n(m —1). The po-
tential energy of the molecule may therefore be
described by n{rn — 1) coordinates. This number
is greater than 3m — 6 except when m = 2 (where
3m —5 = nim — 1) = 1). Some of these co-
ordinates are redundant in the sense that n(m —
1) — 3m + 6 of them could be described by the
3m — 6 elements needed for the geometrical des-
cription of the molecule. The numbers n of them
are the bond lengths and n(m — 2) of them pertain
to some average distances from the bond to the
atoms which affect it (Fig. 1 and Table I). The
energy of the molecule is represented in this
(n + /)-fold cobrdinate space in order to include
the atomic influences considered here very im-
portant.

The process of atomization is carried out along
the path S. It is immaterial whether or not the
latter is physically realizable or imaginary as far
as its use is concerned for the purpose of defining
bond energies. A series of additions of small
energy increments, AEi(S), to the molecule is
visualized so that each one of them causes a small
change in each of the in + f) coordinates, i.e.,
the bond lengths (AEi(R3), and the influences of
neighboring atoms (AE;(n)). The fth increment

is
n f

AB/S) = £ AEi(Ri X AIS(t 3
) £ ()+k:1 S<(rt) @®)

The distribution of this energy increment over the
various changes of bond length and atomic in-
fluences with neighboring atoms is considered to
take place by a definite physical pattern. Con-
ceivably this addition of energy may be controlled
by quantum condition. Since however all types of
interactions between atoms are included, as men-
tioned earlier, these energy increments may be
very small. The totality of these additions is

Table |

Number of Bonds and Atomic Influences

m—2 /

m n / n f B=BoTXI‘Q=nBo+X1
1 1
2 I 0 1 Bo Bo
3 2 2 4 Bo+ 7 2BO+ 27
3 3 6 B, +7 3BO+ 37
4 3 6 0 Bo + 27 370 6/
4 8 12 Bo + 27 <+t 8
5 10 15 Bo + 27 oBq + 10/
6 12 18 Bo + 27 620 12/
5 4 12 10 Bo + 37 4130+ 12/
1 1 1 1 i
10 30 40 Bo T 37 10720 4“ 30/
6 5 20 25 B, + 47 5Ro + 20/
1 1 1 1 i
15 60 75 Bo + 47 15B0 + 607
1 1 [ 1 1 1
©
E(s) = xAB,(S) . X X +
1 t=1 3-1
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m=3; n=2;f=2 m=3; n<3; f=3
m=3; n=2;f=2
m=4; n=3;f=6
Fig. 1 —The tri- and tetratomic molecules: chemical bands

(full lines); atomic infUences (dotted lines).

The process S is physically possible.
order of summation, yields

Reversing the

«(S) = X A(S) =E E ablb)+
i i=i j=

/ © _
X% 450 ©)

When this change is made from S to S' and groups
of energy increments are added together in the
manner indicated, then the realm of physical possi-
bility is left behind. The process S' is mathema-
tically feasible but it is not physically possible
to impart energy to the molecule by selecting for
example only those increments of energy (AEi(Rj))
which will lengthen the /th bond and cause no
other disturbance in the molecule. However such
an imaginary process is necessary if it is desirable
to ascribe some definite energy quantity to a given
bond and call it the “bond energy.”

In order to define bond energies, one of the n
sums and (m—2) of the/sums are ascribed to one
given bond. This sum is the bond energy

m 2 ©

Bit = X AY) +X X ©)

Boj = X AEi(Rj)and7 = X AB. 7
o= X (Rj) an X ABM) @)

then the general relations exist
B = Be+ 27 (8)
and
Q=2B = 2Bo+ 227 ©))

Each bond energy term (B) includes a factor BO
referring to the pure stretching of the bond and
factors | representing the influence of neighboring
atoms. In this manner every type of bond has a
somewhat different value of its bond energy de-
pending on the environment in different molecules.

The Quantity REa—However another definition
of bond energy may be written by dividing the
quantity Bo into two portions. The first one is
the energy (REa) needed to change the bond dis-
tance (R) from its value in the molecule to the inter-
nuclear distance in the free diatomic radical. This
term is called the reorganization energy involving
a change in bond length. It is of interest because
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it refers to the observable internuclear distances of
the bond in the molecule and in the free diatomic
radical. The second factor is the heat of dissocia-
tion of the free diatomic radical related to the bond
in question

Bu= £

1=1

aEJfli) £ ABR)) + £

1=1

AE{R,) (10)
i=1
The Zth increment is just sufficient to change the
bond length from the value in the molecule to its
value in the free diatomic radical. For example
the bond energy of the bond AB in the m atomic
molecule is

BQAB;m,<=) = REGAB;M,2) + B(AB;2, co) (11)
The Reorganization Energy.—The bond energy

of bond AB :n an m-atomic molecule may now be
written

B(AB;?n,°>>) = RE&AB\m,2) + B(AB;2, co)

+ £/(AB,X;m,a>)
X

(12)

where the summation extends over to — 2 atoms of
the molecule excluding atoms A and B which form
the bond in question. The reorganization energy
is now defined as the sum of the first and third
term of the above equation

RE(AB;m,2) = Z7Bo(AB;m,2) + ]TZ(AB,X;m,*°) (13)
X

so that the bond energy now appears as the sum of
two terms

B(AB;m,e) = Z7B(AB;m,2) + B(AB;2,e) (14)

the quantities “RE” contain all the influences which
affect the bond energy except the heat of dissocia-
tion of the related free diatomic radical (D). Hence
the latter quantity may be considered the norm
of the bond energy values. When a chemical bond
is changed from its situation in the free diatomic
radical to the environment in a given molecule, its
bond energy changes from D to B by the amount
RE. The following relations may now be written
Qam = sB
ZBo + 777

+ ZB + 777
XRE + zB

The reorganization energy (RE) may be defined
in a more general manner as the differences in bond
energy of a given bond as it occurs in two mole-
cules.1 For the bond AB in the molecules contain-
ing land m atoms (o > 2

B(AB;ro,°0) = BBQAB;ot2) + B(AB;2,<0) +
X)'/(AB,U;m,») (16)
u

(15)

and

B(AB;Z,c°) = REO{AB-I,2) + D{AB;2,co) +
E'AAB.V;l,») (17)
\%

The summations extend over all of the atoms in
these molecules except A and B which form the
bond AB. The difference B(AB ;to, <—B(AB;l, <»)
is

(11) L. IT Longand R. G W. Ncrrish, Proc. Roy. Soc. {London),
187A, 337 (1946).
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RE(AB-m,I) = REGAB;m,I) + £7(AB ,X;m2) +
X

Y~'(AB,Y;m,00)
Y

(18)

where the summation over X includes the atoms
of the Z-atomic molecule except A and B. The
summation over Y refers to the atoms in the m-
atomic molecule which however are not part of the
Z-atomic molecule. For example the reorganization
energy of the bond AB when it changes its locale
from the triatomic molecule ABC to the four atomic
molecule ABCD is

BB(AB:4,3) = BBo(AB;4,3) + Z(AB,C4,3) +

7(AB,D;4,co) (19)

This relation may also be obtained by subtracting
the second one of equations (21) from the first-line
of equation (27).

It is of interest that these considerations lead to
the notion of an ideal carbon-carbon single bond
(C-C). It consists of two carbon atoms with only
one valency link and altogether six free valences.
Similarly an ideal carbon-carbon double bond
must be defined. It need not be the CXX VJ
molecule. In many instances the known diatomic
free radical will serve as the reference structure.68

The Triatomic Molecule A-B-C (oo = 3; n —
2; f = 2).—The total energy of the structure is

E = /(72(AB;3), B(BC;3), r(AB,C;3), r(BC,A;3)) (20)

On the principles mentioned above the pertinent

quantities are

B(AB;3,co) BQAB;3, ) + 7(AB,C;3, &)

BBo(AB;3,2) + D(AB;2, <& +
7(AB,C;3, < (21)

= 7272(AB;3,2) + B(AB;2, co)

and similar expressions for the bond BC. The
total heat of atomization, Q(a, 3), can be written
as a sum of the two bond energies B(AB;3,c0)
and B(BC;3,°°) in three forms in accordance with
the above expressions. The relations given here
are the same for the linear or the bent model of the
triatomic molecule (Fig. 1 and Table I).

Bond Dissociation Energy.— An important quan-
tity which has the great advantage of being suscept-
ible of actual physical measurement is the energy
needed to sever one bond of the molecule. Szwarc
and Evans2 emphasize the significance of this
energy value. For the triatomic molecule ABC it is
the change in energy, D(AB-C), for the reaction
removing the atom C

ABC — ~ AB + C; B(AB-C)

The process involves the stretching of the bond

BC from B(BC;3) to infinity, the removal of both

influence factors J(AB,C;3,co) and /(BC,A;3, co)

and the reorganization of bond AB from 7i(AB;3)

to B(AB;2). Hence

B(AB-C) = BBo(AB;3,2) + 7(AB,C;3, 3 (22)
+ Z4Z\BC;3,2) + B(BC;2,<x>) + 7(BC,A;3,c0)

or

B(AB-C) = RE{AB;3,2) + B(BC;2,c0) +

RE(BC;3,2) (23)
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Adding the dissociation energy D(AB;2, ») yields
Q(a,3) as expected. Similarly for the reaction

ABC — > A + BC; D(A-BC)
D(A-BC) = re(AB;3,2) + 7)(AB;2,ce) +
RE(BC;3,2)

From equations (23) and (24) the difference D-

(24)

(AB-C) - D(A-BC) is found to be D(BC) -
D(AB). For example
HCN— > HC + N - D(HC-N)
H+ CN— 2~ HCN + Z)(NC-H)
H+ CN — 2~ HC + N + D(NC-H) - D(HC-N)
and
CN —~C+ N - JP(ECN)
H+ C— > CN + D(CH)
H + CN— > HC + N + 75(CH) - 7>(CN)

If the expressions D(AB-C) and D(A-BC) from
equations (1) and (2) obtained by Szwarc and
Evans2are subtracted it is difficult to arrive at this
simple result.

The dissociation paths described in equations
(23) and (24) are artificial in the sense that the
energies D(AB-C) and D(A-BC) cannot be
supplied to the molecule one term at a time as
expressed on the right side of these equations.
It is not possible to cause the reorganization of the
bond AB, i.e.,, supplying the necessary energy
EE(AB;3,2) only. The energies represented by all
three terms of (23) and (24) must be supplied simul-
taneously in order to cause the dissociation of the
corresponding bonds. These paths of integration
lead to the same result as do the paths P and P'
of Szwarc and Evans.2

The Triangular Molecule ABC (in = 3; n = 3;
/| = 3).—The atoms of this molecule are all united
by chemical bonds (Fig. 1and Table I). The above
treatment yields

Q@3) = 7272(AB:;3,2) + 7)(AB;2,00)
+ rRE(BC;3,2) + 7)(BC;2, ®)
+ RE(AC;3,2) - b (AC;2, co)

(25)
or

Qa3) =

and the bond dissociation energy for the removal
of atom C or the energy for the reaction

B(AB:3,°°) + 72(BC;3,co) + B{AC:3,co)

ABC — > AB + C; 7)((AB) = C)
is given by the relation

D((AB) = C) = 7?7?(AB;3,2)
+ 7?A(BC:3,2)+H(BC;2,00) (26)
+ RE(AC;3,2) + 7)(AC;2, m)

Adding D(AB;2, co) yields Q(a,3).

The Tetratomic Molecule ABCD (m = 4; n —3:
/| = 6).—The particular model considered has
another atom (D) attached to the atom B of the
molecule A-B-C by a chemical bond, as shown in
Fig. 1. Some of the relevant quantities are

Q@4 = B£o(AB;4,2) + T)(AB:;2,<*) +
I(AB,C:4, &) + 7(AB,C;4,@)

+ RE.(BC:4,2) + 7)(BC;2,co) +
7(BC,A:4,c8) + 7(BC,D;4,c0)

777?0(BD:4,2) + 7)(BD:2,co) +
7(BD,A4,®) + 7(BD,C:4, ®)

@7
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If
7777(AB4,2) = 72IMAB;4,2) + 7(AB,Ci4,» ), +
7(AB,D;4, m), etc. (28)
then
Q@a4) = RE(AB;4,2) + 7)(AB;2,00)
J- RE(BC;4,2) + 7)(BC;2,co) (29)
+ RE(BD;4,2) + 7)(BD;2,co0)
or

Q@ad) = 72(AB4, «) + B(BC;4,co) + B(BD;4, <

The heat of atomization Q(a,3) of the related
triatomic molecule or radical ABC can be written
in accordance with equation (21). Subtracting
this quantity from equation 27 yields D(ABC-D)
D(ABC-D) = 7777%0(AB;4,3) + 7(AB,C;4,3) +
7(AB,D;4, co)
+ RE(@BC;4,3) + 7(BC,A;4,3) +
7(BC,D;4, co) (30)
+ 7i770(BD;4,2) + 7(BD,A4, <) +
7(BD,C;4,co)
+ P(BD;2, co)

If
7777(AB:4,3) = T2TAB:4,3) + 7(AB,C:4,3) +

7(AB,D;4, oo) etc. (31)
then D(ABC-D) can be written
D(ABC-D) = RE(AB;4,3) + RE(BC;4,3) (32

+ RE(BD;4,2) + 71(BD;4,2)

If another chemical bond existed between the
atoms A and D in the molecule ABCD (m = 4
n = 4; / = 8), the total heat of atomization is

Q@ad4) = 7777'(AB;4,2) + 75(AB;2,c0)

+ RE'(BC;4,2) + 7)(BC;2, co)

+ 7777'(BD;4,2) + 7)(BD;2,00)

+ RE'(kD;4,2) + z>(AD;2,c0)

(33)

The energy necessary to open the bond AD is
obtained by subtracting Q(a,4) (Eq. 29) from Q-
(fi.4)'(Eq.33)

Q@4) - Q(a4) = 277 - 27? = B'(AD;4,c0) (34)

in case the differences (B'-B) of the three bonds
are small. In the four atomic molecule n can have
the values 3 to 6 inclusive and hence four different
kinds of the 4-atomic molecule can be discussed.
Separation into Radicals—As an example the
linear four atomic molecule A-B-C-D may be con-
sidered to decompose into the two free radicals
AB and CD by breaking the bond BC. The heat
of atomization is given in equation (29) after re-
placing BD by CD. The energy of dissociation is
D(AB-CD) = RE(AB:4,2)
+ 7?77(BC;4,2) + 7)(BC;2,c0)
+ RE(CD4.2

Methane and its Radicals.—The bond energies
of the CH- bonds, assumed to be identical in any
one structure, are

B(CH;m,co) = 7?7?(CH;m,2) + 7>(CH;2,00) (36)
where m = 5, 4, 3, 2 for methane, methyl, methyl-
ene and CH radicals, respectively. The -corre-
sponding heats of atomization are
Qam) = (m— 1) RE(CELM2) +

(o — 1) 7)(CH;2,c0)

(35)

37
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and the bond dissociation energies are Q(a,m) —
Q{am — 1) or
/XCHmM- *-H) = RE(CH;m,2) +

(m - 2)BB(CH;m,m - 1) + B(CH;2,co) (38)

The removal of the first hydrogen atom for ex-
ample requires the bond dissociation energy Q(a,5)
— Q(a,4) or
B>(CH3H) = BB,(CH;5,2) + 6/(Cll,H;0, &) +

D(CH;2, &)
+ 3BBO(CH;5,4) + 6/(CH,H;5,4)

(39)

There are several other ways of writing these ex-
pressions.

Ethylene (m = 6; n = 5; / = 20).—The bond
energies are

«(C=0;6,c0) = RE{C=C;6,2) + 1)(C=C;2 co) (40)
and
B(CH;t, co) = RE(CH;6,2) + fI(CH;2,«.)
assuming the four CH bonds to be identical.
The heat of atomization can be written as
Q(a,6) = B(C=C;6,°=) + 4B(CH;6,co) (41)
or
Q(a,§ = BQC=C;6,0=) + 4/(C=C,H;6, co)
+ 4B(QCH;6, co) + 4/(CH,C;6, °)
+ 4/i(CH,H:6, co) + 4/,(CH,H:6, co)
+ 4/3CH,H;6,co)

The li refer to the influence of the three hydrogen
atoms located at different distances from the par-
ticular CH bond under discussion. Nine different
bond dissociation energies can be written on the
principles and the notation given above.

Benzene (o =12; n = 12; /| = 120).—If it is
assumed that the six carbon-carbon bonds are
identical and similarily the six carbon-hydrogen
bonds, then

B(C = C;12,co) = B, (C=C;12,co) +

4/(C=C,C;12, co) + 67(C=C,H;12, co) (42)

George Glockler
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and

B(CH;12, ®) = BQCH;12,co) +
5/(CH,C;12, ) + 5/(CH,H;12,ce)

and the heat of atomization and a considerable
number of bond dissociation energies can be written
in the formal manner indicated above.

Isomers.—As an example cis- and fraws-dichloro-
ethylene have been studied. The two isomers give
quite similar expression for their respective heats
of atomization. However the atomic influence fac-
tors (J) are different in the two cases and hence the
bond energies are different and the corresponding
heats of atomizations Q(a,6,cis) and Q(a,Q,trans)
will not have the same numerical values. Their
difference will give the energy of isomerization.
The present notation is therefore satisfactory to this
extent.

Conclusion

It appears possible to define bond energies and
relate them to bond dissociation energies by a con-
sistent scheme. The ideas involve reorganization
energies and near-atom-influences and the heat of
dissociation of the free radical which is related to a
given bond. Attempts have already been made to
apply these principles in practice and to obtain
numerical values for these atomic-influence factors
and near-group effects.6 The present treatment
appears to be flexible enough to describe all mole-
cules and radicals in the manner indicated in the
examples. However some very important informa-
tion, such as the heat of sublimation of carbon, the
heat of dissociation of nitrogen and of fluorine and
many other energy values of this kind voll have to
be known definitely before a complete body of
knowledge regarding bond energies can be de-
veloped. Evidently the first problem is to devise a
proper definition of the term bond energy and it is
hoped that the present remarks contribute toward
this end.
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HYBRIDIZATIONI2
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In order to give approximate quantitative form to the Slater-Pauling “criterion of maximum overlapping,’”’” a “magic
formula” is presented. It gives the energy of atomization DOof any molecule as a sum of terms of which the principa ones
are functions of overlap integrals (theoretical), of atomic ionization potentials (experimental), and also of degree of hybridiza-
tion where the latter can occur without change of valence (i hybridizetion). A preliminary fitting to three molecules
whose DO values are sufficiently well known yields a magic formula suitable for molecules containing first-row atoms and
hydrogen, and which fits the molecules CH, N2 02 F2 CEL,, CH6 CAi4 CAI2 H2+, He.+, within about £0.3 e.v. per bond.
For molecules with isovalent hybridization, the actual degree of hybridization is obtained as a by-product. Especially inter-
esting is what the magic formula says about the Structlre of bond energies; that is, about the way in which the numerous
theoretical terms, some bonding, some repulsive, add to give DO As compared with VB theory analyses by Van Vleck. Pen-
ney and others, it indicates much larger bonding and repulsive exchange terms. It indicates sirikingly large exchange repul-
sions by inner shells, here in agreement with earlier conclusions of James and of Pfizer. The magic formula indicates that
the r bonding terms in multiple bonds are much larger than is generally believed. Another striking conclusion is that iso-
valent hybridization is often very important for molecular stability. This conclusion, agreeing with indications from several
other types of evidence for molecules such as CH, OH, HC1, 1120, 02and N2 is also in harmony with recent theoretical work

of Moffitt and of Kotani, using conventional VB methods. The terms in the magic formula for
one for each bond, corresponding to the usual concept of bod
Vleck in terms of VB theory) and net bond energies are tabulated for several molecules.
and classification of types of hybridization and promotion which occur for atoms in valence states.

S ,,can be collected into groups,
ES.  Gross bond energies (a category introduced by Van
Section 1V includes an analysis
Suggestions for exten-

sion, further applications, and (Section X111) improvement of the magic formula are given.

I. Introduction

Quantum mechanics gives a satisfactory qualita-
tive explanation of the major facts of chemical
valence, and is capable “in principle” of predicting
all energy relations quantitatively. But because
of mathematical difficulties, no such quantitative
accounting has yet been attained. Slater and
Pauling, in 1931, proposed as a rough measure of
the strength of any covalent bond, formed by two
electrons on adjacent atoms, the quantum-mechani-
cal criterion of maximum overlapping of the orbitals
(one-electron wave functions) occupied by these
electrons. With the idea of implementing this
criterion somewhat quantitatively, C. A. Rieke
and the writer before the war sought semi-empirical
relations between overlap integrals and bond
energies.3 Recently the writer proposed a pre-
liminary equation for this purpose.4 An improved
“magic formula” 5is described below.

In the history of valence theory, two main quan-
tum-mechanical methods for describing molecular
electronic structures have proved useful, namely, the
VB (valence-bond) method, and the MO (molec-
ular orbital) method in its LCAO form. The
magic formula has been built in a general pattern
indicated by the VB method, and in this respect
is by no means entirely novel, but the specific
forms of its details have been suggested largely by
«LCAO MO theory. The structure of the formula
and the numerical values of the terms which appear
in it are such, it is believed, as to afford increased
insights into the nature of chemical binding and to
provide helpful suggestions for further work.

(1) This work was assisted by the ONR under Task Order IX of
Contract N6ori with The University of Chicago.

(2) Presented at Symposium on Bond Energies of Division of Physi-
cal and Inorganic Chemistry, American Chemical Society Meeting at

New York, September 6, 1951.

(3) Some of the material in Sections Il and Ill below was presented
at a symposium in 1942, but only an Abstract was published: R. S.
Mulliken and C. A. Rieke, Rev. Modern Phys., 14, 159 (1942).

(4) R. S, Mulliken, J. Am. Chem. Soc., 72, 4493 (1950), in particular
Eq. (8) and (9), footnote 14a, and Table X.

(5) J, Chem, Phys., 1?, 900 (1951), Note added in proof.

It should be emphasized that the magic formula
in its present form and with the present values of its
coefficients is still preliminary. And further, as
compared with the hoped-for future development of
really quantitative calculations of chemical binding
energies, the attempt to construct a magic formula
may probably be looked on as a stop-gap effort.

1. LCAO MO Background of Magic Formula

It is instructive to begin with a survey of LCAO
MO energy expressions for the simple molecules
H2+, H2 Hey, I1 G for states involving occupation
of the lowest-energy MO'’s Icrgand Ivu; in LCAO
approximation

log « (1s. + ish)/(2 + 25)1; lcr, Isb)/(2 - 25)1

Here Isaand Isbare Is AO’s (atomic orbitals) on the
two atoms a and b, and (3 is their overlap integral

» (Is. =

S—j"Isalsb dr

For H2+, the energies of the ground state (one
electron in lcrg) and the first excited state (one elec-
tron in Itr,) can be, respectively, expressed in
the forms

E=Enh- (C++ E") = 0/1 + 5) @

Here Unh is the energy of a normal hydrogen atom.
Further
C+= -e2dK- & )

Ublsjdv; ~—j ifbls.lsi, dr |

R is the internuclear distance, and Wis the potential due to
nucleus b. It should be noted that W . and 0 are all nega-
tive quantities. —E' (which is included merely for book-
keeping purposes) is whatever energy is needed to correct
the error of the LCAO approximation so as to make Eq. (1)
exact. Resonance energy expressions of the type 0 are of
central importance in ordinary LCAO theory.6

(6) Combinations of the form of /Qof Eq. (2a) were introduced with
the symbol Y by Mulliken, J. Chem. Phys., 3, 573 (1935), Eq. (15), and
identified with Iluckel’s semi-empirical LCAO quantity /Sby Mulliken
and Rieke, J. Am. Chem. Soc., 63, 44, 1770 (1941),
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Equation (1) is obtained as follows.7 As is well known,

E=sR- E'+{azy)(l+0)

where
a=ClsaAlSada, 7= /ISbAISa da

hbeing the electronic Hamiltonian.
@=

h=h,+ «&b

ht being the Hamiltonian for atom a alone, one readily ob-
tains

On substituting
7 —Sa (2a)

and

a —Enh + W0 =r —Sa,
and Eqg. (1)
For the ground state of H2+, Eq. (1) gives for the
dissociation energy De, equal to En — E

0/(1 + s) 3)

Now it would be very pleasant if C+ + E' in Eq.
(3) could be neglected and De put equal to the
dominant resonance term —O0/(1 + S) alone.
Actually, this procedure gives rather good results
(De = 2.79 ev.,, —0/(1 + S) —2.22 e.v., by direct
theoretical computation).89

Similarly for H2 where?7

D.=(C+E") - 20/1 + 9) (4)

the theoretically computed resonance term —20/
(1 + S) agrees rather well (4.07 e.v.) with the
observed De (4.76 e.v.).810 The result's on H2
and H2+, reinforced by similar (though less reliable)
evidence on ic bonds in CH2 and CHA47 suggest
that the resonance terms of LCAO theory may be
used as a basis for a semi-empirical systematics of
bond energies. One might now try to use D ex-
pressions of the form AO0/(1 + S), computing 0
theoretically for each type of bond. However, a
different path will be followed here, on which the
next step is to replace 0 by a function of S.

The simplest reasonable choice is to put

-20 = ASI (5)

where | is the ionization energy for the appropriate
valence AO. A is then a factor to be determined
empirically so as to satisfy equations like (3) and
(4) omitting terms like C + E', as well as may be
possible for a number of molecules simultaneously.
This procedure gives for a one-electron bond and
an electron-pair bond, respectively

D = iAIS/A + S) (6)
D =AIS/(1+S) ]

(7) For further details, see R. S. Mulliken, J. chim. phys., 4$, 497
(1949). For H2+,see Eqs. (38)-(40) for r, @and fl; Eq. (43) and Table
Il for dissociation energy equation and data. For Fh, see Eqgs. (65)
and (69) for @and (5(/3 is slightly different for Ha than for H2+, but
this is neglected in Eq. (5)); Eq. (77) and Table 111 for dissociation
energy equation and data. For similar material on C2H2 and C2H 4, see
Tables V and VI.

D. = (C++ E) -

(8) The De value given is the experimental value corrected to no
zero-point energy. Later in the paper, uncorrected D values (D~
values) will be used. For H2, Do * 4.48 e.v.

(9) The theoretical C+is —0.74 e.v., requiring E"' 1.31e.v. Itis
seen that a much better result is obtained by ignoring the Coulomb
term <7+ of LCAO theory than by including it.

(10) In Eq. (4)
c=-e*/R-2a i(/a, + Jan)
where Jaa and Jab are as in Eq. (18). Here, just as for H*+, inclusion Of

c (computed value —1.55 e.v.) would only have worsened the agree-
ment (£' = 2,24 e.v).

Robert S. Mulliken
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Rough proportionality of 0 to S is seen to be plausible if
one studies the forms of r, aand 0 in Eq. (2). Among
other things, the rough relation

T~ |Is@a+ wasazdr)
is involved. Also by direct computation in two instances,
0 has been found approximately proportional to S. Namely,
for Is-1s binding in H2+or H2 ine.v., —0 » 7Sfor R>"1
A. (but at the equilibrium distance for H2 —0 « 4.70);
and for 2p7r-2px binding as in CH2or CH4 —0 « 100
(this is valid over a range of R extending to both sides of the
equilibrium distances for these molecules).ll These results
suggest the following conclusions, confirmed later in this
paper: (1) —0 may usually be taken proportional to S,
but with a larger Igroportionality constant for x than for «
bonds; (2) but if R is unusually small (relative to AO size),
—~0 may become smaller (c/. ref. 56 below).

Another instructive approach to Eq. (6) and (7) is the
following. Consider the P for an electron in
the MO lergin H2+.  In LCAO approximation (cf.Eq.(l)),
this is (in units of —€)

P= (1<02« KlISa2+ ISb2/(l + S) + (ISa ISb)/(I + S)

As compared with the charge distribution F Is&2 + Isb)2
which would exist if the electron were distributed with equal
probability between Is AO’s on the two nuclei, the above
distribution represents a shift of a fraction J)lsa Isb dr/(l
+ S) = 0/(1 + S) of the charge into the region of overlap
between the two nuclei. Since, aside from the Coulomb
term, which would correspond to the unshifted distribution
i(lIsa2 + 1Isb2), it is precisely this partial shift into the in-
creased field in the overlap region which is primarily respons-
ible for the stability of H2+, it is to be expected that D, for
tShe latter should be approximately proportional to 0/(1 +

The assumption of approximate proportionality of —O0 to |
is made plausible by the following reasoning. Molecule-
formation viewed according to the VB method is a phenome-
non which causes perturbations in the energies of the val-
ence electrons of the participating atoms. Bond energy is
then a measure of the extent of these perturbations. Other
things being equal, the perturbation energy should be more
or less proportional to (perhaps a nearly’constant fraction of)
the original energy of the valence electrons, for any one of
which its binding energy —7 is a measure. (See also ref. 39
below.)

In the ground states of He2+ and He2 there are
two |y, and, respectively, one or two 1l§uelectrons.
The resonance contributions to D are —0/(1 +
S) for each lkigand +0/(1 — S) for each I<u elec-
tron (cf. Eq. (1), (4), (5)). Putting —20 = ASI,
one obtains for He2+ and He2 respectively
-Anh -

« - r+s) -

Al (j-jrs ~ T&s) =M7S(1 “ 39) (8)

D= -20 - fT+g) =

“(rh-rrs)—“"™m1. 81" I">
Equation (9) predicts repulsion for two He atoms,
in agreement with VB theory. Equation (8) for
the three-electron bond indicates weaker bonding
than for the one-electron bond.

In the process of generalizing Eq. (7)—9) to
obtain a magic formula, as described later in this
paper, it was found necessary empirically to in-
troduce {cf. Eq. (23)) a correction factor v to temper
somewhat repulsions like those of Eq. (9). Be-
cause of the largely empirical character of the
final formulas, Eq. (9) may as well also be simpli-

(11
(1949), Section 28,

For further details, see R. S. Mulliken, J. chim. phys., 46, 675
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fied by dropping the factor 1/(1 — S32, which usu-
ally is not far from 1.2 The result is

He2 D = Al = - 2VvAIS2 (10)

with v near 0.7 (see later in this paper). Intro-
duction of the factor p into the antibonding term
in the first form of Eq. (10) makes the two forms
of Eq. (10) agree if
F=11- S)/(I + SI +2,5(1 - s)I
=1-251- S)(1- p + ... v (

If this factor p is empirically needed in (10), use
of the same factor in the antibonding term in (8)
isindicated. Equation (8) then becomes

D -

Hex D - 47 (j-f-g - j~g) -

hAIS[2 — M — (2 + MS] (12)

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

Although Eq. (6)-(9) above have been obtained
by LCAO MO theory, it is well known that VB
theory gives identically the same wave functions
as LCAO theory for H2+, He2+ and He2 in their
ground states, the two theories differing only for
H213 Hence, Eqg. (6), Eq. (8) or (12), and Eq. (9)
or (10), may be considered to be based on either
the VB or the LCAO approximation, only (7)
being LCAO only. Since VB theory is tolerable
for all values of R, all the equations but (7) should
likewise be acceptable for all R values. Although
the LCAO formula (7) will be used below as a basis
for dealing with bonded attractions by the magic
formula, it must be recognized that Eq. (7) cannot
be valid outside a limited range of smaller R values
near equilibrium. For larger R values, the corre-
sponding VB formula must be given preference.

As has been shown previously,4Eq. (9) with A —
0.65 fits the curve of repulsion between two He
atoms over a broad range of R. Eq. (10) with
v = 0.7 and an increased A also gives a good fit.

In using Eqg. (6)-(12), the necessary S values
can be looked up in existing tables.

I11. Valence-Bond Theory Background of Magic
Formula

In the VB method, each electron is first assigned
to an AO on one atom. Electrons with unpaired
opposite spins on adjacent atoms may then form
electron-pair bonds. In the simplest example,
H2, the approximate energy of the 12 +gground state
according to VB theory®is usually given in the form

(12) At first, a different empirical modification of Eq. (9) was tried,
consisting in replacing the terms 5/(1 + 5) and 5/(1 — 5) by 5f
(1 + aS) and 5/(1 — bS), respectively, and trying to determine aand
b to give as good fits as possible to observed D values for H2+, Ha,
Hea+, He2. A number of trial values of @ and b were tested, mostly
with a > b >0, but finally it was concluded that the use of a form
like Eq. (10) has better possibilities for fitting observed D’s, besides
being simpler.

(13) This is readily verified by setting up the complete antisym-
metrized VB and LCAO wave functions for each case in detail, includ-
ing spins, and comparing. The statement is true, of course, only if
Is hydrogenic AO’s with a single Z value are used in each case.

(14) (a) R.S.Mulliken, C. A. Rieke, D. Orloffand H. Orloff, J. Chem.
Phys., 17, 1248 (1949); (b) R. S. Mulliken, ibid., 19, 900 (1951). The
symbolism and notation of ref. 14b has been used in the present paper.

(15) See for example L. Pauling and E. Bright Wilson, Jr., “Intro-
duction to Quantum Mechanics,” McGraw-Hill Book Co., Inc., New

York, N. Y., 1935, Section 42a.
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E « (Hn + Ha)/{l+ S2
In Eq. (13), Hnand Hucan be written in the form

(13)

H\i — Hji =~ Bi(Hal + Hhl 4- 1/.ntA, d)i h2

where
ii= Is. (1) Ish(2); it= Isb(1) Is. (2)
Hai= —hwvizsjrhin—edral; Hoe= —h2A2287rdm — 212
and the interaction operator Hirt is
HM = é2ZR + evm — &rhh — e2ra2
Equation (13) can be recast1 I7to

E « Hn+ */(1 + GZ)))

where (14)

V= Hu- S2Hn J

If a bookkeeping term —E' is now added to the
right of the first Eq. (14), such as to convert it
from an approximate to an exact equality, and if
then E is subtracted from 22?h, one obtains for the
dissociation or bond energy

D.=(C+ E"Y)- 711 + S2 1
where |

A 15
C= 26n —Hu = —J i Hirfii arj &

is the relatively small’6“ Coulomb” term.18 Equa-
tion (15) may conveniently be written

Da= (C+ E') + X; X = —na + S2 (16)

the exchange term18 X being the main term re-
sponsible for bonding.

It is instructive to compare the VB expression
(16) for De of H2 with the corresponding LCAO
expression of Eq. (4). Quantitative theoretical
computations have of course been made® by both
equations, with the result that (omitting the
bookkeeping terms E') the VB expression gives
a somewhat better computed De than does the
LCAO expression. However, if the primary bond-
ing terms alone are used, that is, —2/3/(1 + S)
of Eq. (4) and A' = —v/(I + S2 of Eqg. (16), the
former gives a surprisingly good D value, but the
latter of a poor D value.® This points toward
adoption of the procedure proposed in Section II,
of approximating D semi-empirically by —20/(1 +
S) with —2/3 replaced by ASI (cf. Eq. (5), (7)).

In view of the strongly empirical character of the
search for a magic formula, a definite decision to
use expressions of the LCAO-suggested form ASI/(l
+ S) for the energies of the bonding electrons of
electron-pair bonds seems justified, and will now be
made, for the case of molecules with the distances

(16) The definition of Yy is constructed in analogy to that of the
LCAO MO parameter /3 (cf. footnote 6). The quantity here called
V (earlier— see footnote 3— called a) has also been used recently by van
Dranen and Ketelaar, J. Chem. Pays., 18, 1125L (1950)— their a.,

(17) The energy of the 8 +u repulsive state is also given by Eq. (13)
and (14) if the plus signs are changed to minus signs.

(18) In the customary terminology of atomic structure theory,
intratomic repulsion integrals analogous in form to the interatomic
(two-center) integrals / ab and ifab of Eq. (18) are called Coulomb and

exchange integrals, respectively, and it seems appropriate to use the

same terminology for J& and K& In VB theory, on the other hand,
integrals ,/V i #int
omb and exchange integrals.
17/(1 + &2 will be called “exchange terms” to signalize the fact that
their dominant components are “exchange integrals” in the VB sense.

(19) This happens because of the terms C, which have opposite ef-

di>and ,/V i -Tint tfjd» are commonly called Coul-
In the following, expressions of the type

fects in the two cases, making the computed De somewhat better in
Eq. (16), but much worse (cf. footnote 10) in Eq. (4). See sentence
containing Eq. (4) for actual values of Deand —20/(1 +5).
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between bonded atoms near their equilibrium
values.

A study of the detailed structure¥6of X of Eq. (16) shows
that it can be written in the form

X = -[250 + (flab - S2a&)]/(l + s2) (17)

Here 0 is the familiar resonance energy quantity of LCAO
theory (Cf. Eq. (2), (2a)), andBKa@, and Jabare

Isall)Isij(De2ri2 Isa2)lsi,bi dr2 |
(18)
ISa(1)Isa<te2/'121Sb(2)Is1,(2) diil di)2 |

Tlie convenient and rather accurate approximation2

K-ib ~ IS /aa + ./lah)

wliere / aais an intratomic Coulomb integral defined analo-
gously to .Jab in Eq. (18), may now be introduced into Eq.
(17). One then has

X » —[2S0 + |5Z/aa- /ab)[/(I + 52) (19)

Usually2 H > 0, as a result of strong predominance of the
positive term —2s0 (c/. Section I1) over the negative term
-is Alaa —/ ab). (Note that ./aa> .Jab for R > 0.)

It is of interest to compare the primary bonding terms of
LCAO and VB theory as given in Eq. (4) and (19). Itis
seen that these both take the form of a resoaoe

o2 —2d, modified by gfactor which is somewhat
different in the two cases—and plus an added term in the
case of Eq. (19). In Eq. (4), the factor is 1/(1 + 5); in
Eq. (19) itis5/(1 + 52. For a strong bond as in 1U, the
difference is not great (for H2 1/(1 + 5) = 0.57, 5/(1 +
52 = 0.48), but for bonds with smaller S the VB factor
leads to the prediction of much weaker bonding than does
tire LCAO factor; in the VB case, the added term |s2
(./am — / &) acts to cut down the predicted D somewhat
further. All in all, the slower variation of D with 5 indi-
cated by LCAO theory seems to be in much better general
agreement with observed bond energies than the more rapid
variation suggested by VB theory.

The preceding discussion must now be generalized
to the many-e ectron, polyatomic, case. Here no
exact general VB theory expression is available,
but for molecules with all electrons paired, at least
in rough approximation,24 conventional VB theory
yields

D=(C+ S')+ SXy- esxk- P+ RE
bonds non-bonded
pairs
In Eq. (20), each exchange term is defined as in
Eqg. (16), P denotes promotion energy (see below),
and RE refers to resonance energy if present.

(20)

(20) R. S. Mulliken, ref. 7, Eq. (63).

(21) Heisenberg's theory of ferromagnetism assumes X < 0 for
3d-3d bonds between iron or similar atoms at metallic R values. Egq.
(19) shows how X < 0 might be possible in special cases.

(22) By this is here meant (although the terminology is not very
satisfactory) a term such as occurs for Il2+, where removal of (elec-
The fact that the “ex-
change energy” of VB theory owes its negative sign to a predominant
term of “resonance” character was pointed out by the writer some time
ago (Chem. Revs., 9, 354 (1931)), but probably is not generally realized.

(23) By reasoning similar to that used in Section Il, the VB equa-
tion (19) with —2/3 patequal to CSlsuggests the use of a semi-empirical
form ASA/{1 + S2 for bond energies. Indeed, this fits the observed
D values on the series Pl2, Liz, Naz,...better than the form ASI/
(1 + S)—but not very well. In other cases, the fit is not good. For

tron-exchange) degeneracy is not involved.

example, it appears impossible with this form to escape from a com-
puted D < 0 for F2, after necessary antibonding terms are included as
described below (Eq. (20) et seq.).

(24) Cf., e.g., ref. 15, p. 376, recast in terms of quantities Y and X
instead of 11122 In Eq. (20), multiple exchange integrals and certain
other complications have been ignored. It is here assumed that their
effects can be taken care of sufficiently well, along with those of the

terms C + E'tby eirpirical adjustment of the coefficients in Eq. (21).
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D is now the total energy required to dissociate the
molecule (devoid of thermal energy, as at 0°K.)
completely into atoms in their ground states (energy
of atomization).

Equation (20) contains one term of the type
Xy for each electron-pair bond in the predominant
VB structure, and one term —8§Xh for every pair
of electrons not on the same atom and not bonded to
each other. For Xy’'s, generalizing from the case
of H2 expressions of the form ASI/{l + S) will be
adopted for the magic formula. The X h's may be
classified in various ways. For present purposes,
they may first be divided into the following two
types: (1) homogeneous: those involving (as do
also the Xy’s) two AQ'’s of the same kind (both a,
or both ir); (2) heterogeneous: those involving
orbitals of different kinds (one a, one 7, or one
7+, one v~, or one tX, one 7#y).5 For type (2)
Xh's, S = 0, and Eqg. (17) shows that these reduce
to the relatively simple exchange integrals Ah
(cf. Eq. (18)); the notation A h will therefore be
used hereafter for the type (2) Ah's.

The type (1) Hm's, on the other hand, should according
to VB theory be of the same structure (Cf. Eq. (17)) as the
A'y's.  However, comparison with LCAO MO theory sug-
gests a o structure for the Xy’'s and Xu's, as can be
seen by considering the cases of H2and He2as special cases
of Elq. (21), and comparing with Eq. (4) and (9), respec-
tive y:

Hj(VB): D = (C + X")vb + Xls;is;
HALCAO): D = (C + E‘)icao - 20/(1 + S)
HeavB): D = (c + E")vb - 2XlIs]s;

HeZLCAO): D = (C + E")1cao + 405

If the terms C + E' are dropped, then in the one case, X
corresponds to —20/(1 + 5), in the other to —205, a dif-
ference of a factor 5(1 + 5). Since it has already been de-
cided to follow the lead of LCAO theory for the Xi,’s, it will
make for clarity to adopt at this point a distinctive notation
for the two kinds of X's. Accordingly, the Xu's will still
be called Xu’'s but the X u’s will hereafter be called VKki's.

IV. Magic Formula

Equation (20) is now ready to be recast to form a
basis for the magic formula. For this purpose,
(a) the term (C + E") will be considered as absorbed
into the other terms (primarily into the Ay’s);
(b) the homogeneous A h's will be called FKI's;
(c) the heterogeneous Ah's, times —1, will be
called Amms; (d) for D, the value DOuncorrected
for zero-point vibrational energy will be used, since
this will be more convenient than a corrected value
De, and in view of the rough and largely empirical
character of the magic formula2s, (e) the A’s and
F’s will from here on be considered as semi-empiri-
cal functions of the S’s, to be so adjusted as to
reproduce as nearly as possible the exact DOvalues
of actual molecules. Equation (20) now takes the
form

Do = SX,; -
bonds

§2Fk + iIXKmm- P + RE (21)
non-bonded pairs

The quantities on the right of Eq. (21) have been
so defined that every letter symbol now stands for an

(25) Among aorbitals are NS, Npa, nda, and hybrids of these. The
most usual iForbitals, and the only ones considered in the present paper,
are npir.

(26) Fitted to Do values, Eq. (21) can of course reproduce Do for
only one isotope of a molecule, but the variations of Do between isotopes
are always less than the uncertainty involved in the roughness of the
formula as at present constituted.
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intrinsically positive quantity, with possible rare
exceptions for the X's.2l

For molecules in their ground states with all
electrons paired, Eq. (21), taken together with
semi-empirical “magic” expressions for the X and
F terms, now constitutes the magic formula. For
the Xij's as already decided above, LCAO-based
expressions

Ah = A,Sijli;/(1 +Su) (22)

of the form of Eq. (7), are to be used. Here the
A’s are coefficients to be adjusted empirically, and

the |'s are suitable mean ionization energies (see
below). The Sfs are to be computed theoretically.

Before deciding on a magic form for the FKki's,
it may be noted that they are of three kinds:
(@ lone-pair:lone-pair Fki's; (b) lone-pair:bonded-
electron Fki's; (c) Fki's between electrons in differ-
ent bonds.Z For the first of these kinds, at least
for like lone pairs in the homopolar case,28 LCAO
and YB theory coincide (c/. Section I1), and the
LCAO Eq. (9) may reasonably be adopted as
prototype for a suitable magic form. It will now
be assumed, this time following VB theory, that the
same type of expression is equally valid for all
kinds of Fki's.®

However, trial and error studies suggest one
modification (already discussed in connection with
Eg. (9)-(12) in Section 11), leading to the magic
form

Fki = jAkiSkizki (23)

This form will be adopted and used from here on.12
The effect of the factor v, for which values some-
what less than 1 were found to give the best fit
to observed DOs, is to diminish somewhat the
importance of the non-bonded repulsions.3

Further explanation is now needed as to how to
obtain values for certain quantities appearing in
Eq. (21)—+23). The K’s (cf. Eq. (18)) of Eg. (21)
are to be obtained theoretically. Fortunately,
they are relatively small, so that rough estimates
are adequate for the present discussion.3L

(27) 1t may be noted in passing that the Amu's can be classified in
the same way into three kinds.

(28) W ith reference to heteropolar lone-pair:lone-pair repulsions in
LCAO theory, if one sets up an LCAO wave function for the artificial
case of the interaction of a Is)2shell on one atom with a 2s)2shell on
another, one finds an expression for the interaction energy which is
roughly proportional to S2 just as (cf, Eq. (19)) by VB theory.

(29) In general, non-bonded repulsions appear in a very different
guise in LCAO theory from that in VB theory: see R. S. Mulliken,
J. Chem. Phys., 19, 912 (1951), where it is pointed out that direct
antibonding effects and “forced hybridization” effects in LCAO
theory apparently constitute the respective analogs of the lone-pair:
lone-pair and the other kinds of non-bonded repulsions of VB theory.

(30) This seems not unreasonable. The flexibility introduced by
the adjustable A’'s takes care roughly of the various errors involved
in the use of the simple approximation (22) for the bonding terms; in
particular, the effect of the bonding parts of the omitted terms C + E'
of Eq. (20). The factor Vthen gives in the simplest way some further
flexibility in representing the non-bonded repulsions. Earlier workers
(cf., e.g.,, H. M. James, J. Chem. Phys., 2, 794 (1934)) have also felt
that VB theory predicts somewhat too large non-bonded repulsions
as well as too small bonded attractions.

(31) Formulas for computing the K'Sinvolving Is, 2s, and 2p Slater-
type AO's are given in a paper by K. Riidenberg, ibid., 19, 1459 (1951).
For the present paper, a rough procedure was u”ed, whereby SCF-AO
K’'s for N2, 02, F2 and CH were estimated from related Slater-A0 K's
given for C =0 bonds in CO2by J. F. Mulligan, ibid., 19, 347 (1951).
Taking A ttosc and A t-cso as an example, their average (0.37 e.v.) may
be taken as characteristic for C—O and used as a basis to estimate
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The promotion energy P in Eq. (21) occurs
because without it Eq. (21) would in general be
valid only for dissociation into certain hypothetical
atomic states, with the valence-electron spins com-
pletely unpaired, called “valence states.” 2 Since
valence states in general have higher energies than
atomic ground states, the quantity P, equal to the
sum 2P nof the valence-state promotional energies
taken over all the atoms involved, must be sub-
tracted in Eq. (21) in order to give the desired DQ,
which has been defined to correspond to dissocia-
tion into atoms in their ground states. For the
special case of s-univalent atoms (H, Li, etc),
ground and valence states are identical (Pn = 0).

Often Pnmay involve no configurational excita-
tion. For example, to obtain trivalent nitrogen,
one must “promote” the atom from its b3 4HU
ground state, where the spins of the three p elec-
trons are all parallel, tc a trivalent valence state
V3 of the same £p3 configuration. There is re-
quired a promotion energy of 1.70 e.v. This kind
of promotion might be called advalent promotion,
that is, intraeonfigurational promotion from ground
state to a valence state.

Trivalent nitrogen gives stronger bonding, how-
ever, if there is partial further promotion toward
the trivalent valence state of the configuration
sp4, that is, sD3 4n “m sp3 V3 -m (partially)
sp4 F3 This second kind of promotion, extra-
configurational but without change of valence, and
only partial, corresponds to a kind of s,p hybridiza-
tion which Moffitt3 has called second-order hy-
bridization. These effects might more descrip-
tively be called isovalent promotion and isovalent
hybridization.

Other cases occur in which extraconfigurational
and complete promotion is accompanied by increase
in valence: say, pluvalent promotion and pluvalent
hybridization. Thus for carbon, only advalent
promotion (s2 Fg to sp2 F9 is required for
bivalency, but for tetravalent carbon, pluvalent
promotion to sp3 Vi or to a related hybrid F4
state is required (these tetravalent valence states,
incidentally, are very considerably higher in energy
than the lowest state, U of sp3. Similarly for
bivalent beryllium, pluvalent promotion is required
from nullvalent s2 Vg (same as s2 1Sg) to sp, V2
(lying between sp, 3 Uand sp, PP U).

Valence-state promotion energies are obtainable
from spectroscopic data on atoms.3% Table V II|
in Appendix | contains illustrative values for several
first-row atoms in valence states suitable for use in
A ts for N2, O2 and F2. In a similar way, values for Air< (0.56 e.v.) and

Kirir, (0.041 e.v.) for 0 =0 were obtained, whereas K%\8was found
negligible. To estimate K values for N2, O2and Fz, it was assumed that
they differ from those for C = 0 in the ratios of the squares of the over-
lap integrals Sss, Ss¥and Sttvfor Airs* Airaand Kttt respectively. The
integral A Sir<nr was treated similarly. Since in the present paper,
X's, F's and A 's corresponding to SCF-AO's are desired, the squares
of ratios of estimated (Cf. footnote 42) SCF-AO S's for N2, Oz and F2
to Slater-AO S'sSfor C =0 were used. The same sort of procedure was
used also for C— C, C=G and C=C bonds. To estimate the CH in-
tegral Airh (between 2p7rc and 1sh)i the Mulligan A wb for C =0
(0.37 e.v.) was multiplied by the square of the ratio of &(2"c.i8HV to
SS“kD.giving 0.68 e.v.

(32) sSee footnote 14 of reference given in footnote 4.

(33) W. Moffitt, Proc. Roy. Sec. (London), 202A, 534 (1950);
further reference to Moffitt in Appehdix Il below.

(34) R. S. Mulliken, J. Chem. Phys., 2, 782 (1934).

and
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linear molecules.3d Table I1X in Appendix | con-
tains additional valence-state promotion energies,
suitable for tetravalent carbon in molecules of
several types of symmetry. Use will be made of
Tables VIII and I X later in this paper.

The resonance energy RE in Eq. (21) refers first
of all to resonance energy in the usual sense, as for
example in benzene.3¥ But it may sometimes in-
clude further terms. In particular, when one
uses Eq. (21) for carbon compounds in which
tetravalent carbon is assumed, with P nvalues from
Table 1X, one underestimates D. As Voge has
shown,37 methane is about 1.3 e.v. more stable be-
cause the carbon is very considerably more in the
s 2condition than if it were purely tetravalent with
tetrahedral AO’s. This difference may be regarded
with Eg. (21) as demotional resonance energy,
to be added as part of the RE term after the bond
energy has been obtained for pure tetrahedral
valence.

For any molecule with polar bonds, a polar RE
term must also be included in Eq. (21). These
polar RE values would presumably be of the same
orders of magnitude as the observed deviations
from additivity of bond energies for heteropolar
bonds, used by Pauling in setting up his electro-
negativity scale.38

A procedure is now needed for obtaining the mean
I values in Eq. (22) and (23). On the basis of
rough theoretical considerations®4 and of sim-

plicity and empirical acceptability, meach | is

(35) See also footnote 33.

(36) If the term “resonance energy” is used in a strict sense, some
resonance energy is present for nearly all molecules, since in general
YB structures mix to some extent
However,

numerous “excited” and “ionic”
into the usual single predominant ground-state structure.
the corresponding numerous small “normal” resonance terms are
covered (as part of the E' term in Eq. (20)) in the empirical adjustment
of the A'Sand perhaps especially Vin Eq. (22) and (23). Hence, RE in
Eq. (21) corresponds only to “excess” resonance energy above normal,
which isreally what is usually meantby the term “resonanceenergy.” 74

(37) H. H. Voge, J. Chem. Phys., 4, 581 (1936); 16, 984 (1948).
See also Kotaniand Siga, Proc. Phys. Math. Soc. Japan, 19, 471 (1937).

(38) see, €.0., L.
Cornell University Press, Ithaca, N. Y., 1940.

(39) Referring to Eq. (2) for the case of homopolar bonding, it is
seen that insofar as r is its major term, the quantity O is the potential

Pauling, “The Nature of the Chemical Bond,”

energy of a charge of magnitude S, located in the overlap region, in a
field of potential Mb. If then —2/3 is put equal to ASIl (Eq. (5)), the
| used should be so chosen as to be a measure of the magnitude of ub
in the overlap region. But since UDin this region depends on all the
electrons in the outer shell, an | averaged over the latter is suitable
(Rule (1) for 1).
Sections 15-16), leads again to Rule (1), plus Rule (2).
arguments are directly applicable to the bonding terms Xjj in Eq.
(21) and to Fklrepulsions between like lone pairs (¢c/. Eq. (8), (9)). It
is here assumed that the same kind of argument based on the form of /3
in Eq. (2) can be extended to all Fkl terms.

(40) The application of Rule (2) to AO pairs differing greatly in |
Consider for

A similar analysis for the heteropolar case (c/. Ref. 7,
The foregoing

deserves further discussion beyond that in footnote 39.
example FibXbetween the IS lone pair of carbon and the 2« lone pair
of fluorine in CFa.
Most of the overlap occurs in the region where Is of carbon is strong.

The overlap integral is small but not negligible.

The potential in which the overlap charge finds itself is then nearly the
same as for a Is carbon AO, suggesting that | for Is carbon should be
used. Rule (2), which calls for the arithmetic mean of this and | of
the outer shell of fluorine, is a compromise between this and the use of
a smaller | such as for example a geometric mean.

port for Rule (2) for inner-shell:outer-shell Fki's is afforded by the

Considerable sup-

magnitudes of X mn's as estimated theoretically (Cf. J. F. Mulligan,
J. Chem. Phys., 19, 347 (1951)). That inner-shell:outer-shell repul-
sions are very large is shown also by the work of H. M. James, | y
2,794 (1934), on Lia. Also, a direct estimate by the writer of Fis,28for
Lia gives a result in close agreement with the magic formula expression
Eq. (221 with A = 1.16, V= 0.7.
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to be obtained by averaging (1) intratomically, for
each AO, over (valence-state) | values, obtained from
spectroscopic data,3 for all electrons in the same
valence shell as the given AO; (2) then interatomi-
cally. 4

The $'s in Egq. (22)-(23) may be taken from
theoretically computed tables.i4 Extensive trials
were made first using S’s based on Slater AO’s,
and then on SCF AQO’'s. The latter should of
course be more accurate, and after numerous
trials it was tentatively concluded that they must
be used, and they have been used below,£ although
it had been hoped at first that the much simpler
Slater S’s would give acceptable results.

Since most of the terms in Eqg. (21), likewise the
S’s in Eqg. (22)-(23), depend on R values, it needs
to be emphasized that Eq. (21)-(23) are intended
here to be used primarily for molecules with their
bonds at equilibrium lengths; and the S values are
to be computed, and the A values and vdetermined,
to fit this situation. However, the possibility that
Eqg. (21)-(23) can be extended or adapted to re-
produce interatomic potential curves over con-
siderable ranges of bond distances may well deserve
exploration.434

Moreover, it is to be noted that the non-bonded
repulsion (Eq. (23)) and attraction terms, the
F’'sand K's, are not limited in their validity to any
particular range of R values. Thus they should
be capable as they stand of representing closed-
shell interactions and the repulsion potentials of
steric hindrance for varying configurations of non-
bonded atoms (here see last paragraphs of Section
1, and ref. 4).46

V. Magic Formula for Special Cases

The magic formula Eqg. (21)—23) is applicable
for molecules in their ground states with all elec-
trons paired. It can, however, easily be modified
to include several other cases.

(41) Whatis meant by Rule (1) should be clear from footnotes d of
Table VIl and bof Table IX.
be ~(Jisa 4* 7(n=2b).

(42) Actually, SCF S*ahave been published only for C-C and C-H
bonds (cf. footnote 14b). In the work below, they were estimated in
the following way for N=N, 0 =0 and F— F bonds.
p value for N, O or F, together with the equilibrium R value, a Slater
P value (cf. ref. 14a, Table | and Eq. (12)) was determined. The S
value corresponding to this Pwas then looked up in a table of SCF S’s
for carbon-carbon bonds. This was done for S(Is,2p<r) using Table 1X
of ref. 14b, and for S(2s,2pa), S(2pa,2pa) and S(2px,2pir) using Table
VI of ref. 14b. Hybrid S’s, S(Is,0), S(0,0) and S(0,00) were then
computed using Eqgs. (2), (4), (6) of ref. 14b. [Accurate analytical
expressions for Is, 2s, and 2P SCF AO's of C, N, O, and (by extrapola-
tion) F have recently been determined by Dr. P.-O. Lowdin, and will

As an example of Rule (2), iiaazsb would

From the Slater

soon be published. Direct computation of <Ss for Ntand O2using these
expressions, by Mr. C. W. Scherr in this Laboratory, gives values in
satisfactory agreement with those obtained in the manner described
above. Details will be published later.]

(43) Note that in general Eq. (21)~(23) are capable of giving a mini-
mum of energy (maximum Do) as a function of the bond distances,
though only if important Fki terms are present— NOt, for example, for
H2. To make the single term ASI/(l -f S) give a maximum D for Hj,
one would have to make A a suitable function of distance.

(44) In fact, calculations with a preliminary form of the magic for-
mula, as applied to N=N, N=N, N— N, efc,, show that it gives maxi-
mum values for D, calculated and plotted as a function of R, at R
values very roughly equal to the observed equilibrium values,

(45) Related computations on the variations of exchange energies
with bond angle, and their effect on bending vibration frequencies, have
been made by various authors using VB theory: €.0.,J. H. Van Vleck
and P. C. Cross, J. Chem. Phys., 1, 357 (1934); references in footnote

55 of the present paper; and other more recent articles.
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Odd-electron molecules involving what Pauling
calls one-electron or three-electron bonds are easily
included by using Eq. (6) for the former and Eg.
(11)—12) for the latter instead of Eqg. (22), just as
in the prototype cases of H2+ and He2+ for which
these equations were developed. Various molecule-
ions {e.g., N2+, 02+) fall under this case.

For radicals containing unused valence electrons,
e.g.,, CH or NH, Eq. (21)-(23) can be used directly,
although some care may be needed in determining
what valence states and P values are required.

The case of 02is somewhat special, but is most
easily treated by computing DOfor the first excited
OAg) state, to which Eq. (21)-(23) are directly
applicable, then correcting to the 35_g ground
state.

For excited states, LCAO theory (Section Il)
may often be used as a guide in setting up a magic
formula.

VI. Determination of A’s and v in Magic Formula;
and of Degrees of Hybridization

In order to give empirical reality to the magic
formula, Eq. (21)—23), values of A and v must
first be determined so as to make it fit a few mole-
cules whose DO values are reliably known. Pre-
dicted Do values obtained from the resulting form-
ula can then be checked against empirical DO
values for additional molecules.

After considerable preliminary exploration, the
following plan was adopted for the first step in this
procedure. First it was decided to try to get along
with only three empirical parameters: Aa (for all
< bonds and o—< non-bonded repulsions), An (for
all x bonds and x—x non-bonded repulsions), and
r.2B This plan required a fitting to at least three
representative molecules whose DO values are reli-
ably known. For this purpose, the molecules
CH, 02 N2and F2were selected, the first two to be
fitted exactly, the last two as well as possible.

For the CH radical, the value DO — 3.47 e.v.
is known with a high degree of probability, although
there may be a very slight possibility that it is

0.1-0.3 e.v. higher (not more).46 For 02 the
value DO = 5.08 e.v. (within about 0.01 e.v.)
is certain.47

For F2 there has been some uncertainty about
Do, but there is scarcely any doubt that it is in or
close to the range 1.6 £+ 0.3 e.v.488 For N2 there is
perhaps some doubt as to whether DO is 7.37
or 9.76 e.v., but the evidence is decidedly in favor
of the second of these values, and all other values
seem to be definitely excluded.®

(46) The value 3.47 e.v. for the 2ll ground state of CH (and 3.52 e.v.
for CD) was determined from predissociation in the V = 0 and 1 levels
of the 22 " excited state by T. Shidei, Jap. J. Phys., 11, 23 (1936), and
confirmed by others. This value is accepted by Herzberg (c/. footnote
47) and by Gaydon. On the other hand, by a Birge-Sponer extrapola-
tion of the vibrational levels of the 22~ state, one obtains 3.70 e.v. as
a probable upper limit to Do. (That the 2n is the ground state is shown
by the occurrence of absorption from it in interstellar space.)

(47) Cf. G. Herzberg, "Spectra of Diatomic Molecules,”
Edition, D. Van Nostrand Co., Inc., New York, N. Y., 1950.

(48) R. N. Doescher, J. Chem. Phys., 19, 1070 (1951), and references
given there. Evans, Warhurst and W hittle, J. Chem. Soc., 1524 (1950).
11. 3. Schumacher, C. A., 45, 23004 (1951).

(49) Cf. 6. B. Kistiakowsky, J. Am. Chem. Soc., 73, 2972 (1951);
A. E. Douglas and G. Herzberg, Can. J. Phys., 29, 294 (1951). The
latter work definitely eliminates all values but 7.38 and 9.76 e.v.; the
Con-

Second

former work seems to be incompatible with the smaller value.
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The magic formula for CH involves only Aa
and v; for the other three molecules, it also in-
volves A*. It is convenient then to begin with
CH, determining Aafor each of several assumed v
values; that is, Aa as a function of v. Then
assuming the same At(v) for 02 Ar{v) is deter-
mined. Using AJv) and AT(v), DOis computed
as a function of vfor N2and for P22 and compared
with the empirical DO values to obtain a best-
compromise V.

A very interesting by-product of the process of
determining Aa, AT, and Vvis that at the same time
the degree of s,pa hybridization a2in each of the
molecules used must and (to the extent that the
magic formula is correct in structure) can be deter-
mined (see Sections VI1I-1X, in particular, Fig. 1
for CH, and its caption).

VII. The Fitting for the CH Radical

The VB electron configuration for CH may be

writtenlb
k)2hoB)%B-h) it)

where all the AO’s but h are carbon atom AQ'’s;
h and hd3 are mutually orthogonal 2s,2pa hybrids
of the forms
as + [3<r; nos = [ _ aper (24)
where a > 0, § > 0 (thus making hp overlap h
more strongly than if B = 0), with a2-f 2= 1
The magic formula Eqg. (21) becomes

Do = XBh — Tkh — IV, h + h—P (25)

if RE is assumed negligible.® In each subscript,
the first symbol refers to the carbon AO, the second
to Ish. It can be shown (see Appendix Il) that
P is given by Po + a2AP, with POand AP having
the meaning and numerical values given in Table

hg =

VIIl. Next making use of Eq. (22)—23), Eq.
(25) becomes
347 = po = AA 1424 Sf*/(1 + ssn) - 151”~\h-

14242 SV O ~ «2AP + i(K,ih - Po) (26)
The numbers 14.24 and 151 are average | values
as required, being, respectively, | ¢+ + hi) and

I(/k + hi), where h, and I k refer to carbon and
are taken from Table VIII, and IH= 13.60 e.v.

Since v cannot yet be determined, trials were
made for each of the four assumed v values 1.0,
0.85, 0.70 and 0.55. The right side of Eq. (26)
is a sum of three groups of terms: first, A, { m- =},
which, with v assumed fixed, depends on two ad-
justable quantities, namely, Aa and a2, second,
—aZAP, which is a constant times a2 third,
(IXirh — Po), a constant. For each assumed,
value of v, values of A, and a satisfying Eq. (26)
were simultaneously determined by a graphical
procedure described in the caption of Fig. 1
sidérations on the nature of active nitrogen advanced by G. Cario and
L. H. Reinecke, Abh. Braunschw. wtss. Gesell., 1, 8-13 (1949), also
strongly favor 9.76 e.v. Butin favor of 7.38 e.v., see H. D. Hagstrum,
Rev. Modern Phys., 23, 185 (1951).

(50)
ciable RE.
negativity of C and 11 for an hf3-Isbond.
ago (c/. footnote 34), the electronegativity of carbon depends strongly
on the degree of S,p hybridization a2in the carbon bond orbital. As it
happens, a2as deduced below for hin cH (cf. Table 1) is such that
carbon hf3 and hydrogen Is are almost equally electronegative. Thus
0 is justified.

To estimate-the polarity, one needs the relative electro-
As was pointed out some time

the assumption RE =

If the C-H bond were strongly polar, there would be an appre-
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Fig. 1.—DOfor OH computed using the right side of Erj.
(26), and plotted as function of degree of hybridization a2in
the carbon bonding AO hp(c/. Eq. (24)), for each of two as-
sumed values of V (0.7 and 1.0). For each graph, the ordi-
nate scale has been adjusted (by adjusting the value of A<)
until the maximum ordinate of the graph is equal to the
empirical DOof 3.47 e.v. (left side of Eq. (26)). In this way,
for any assumed value of V, a simultaneous determination
is made of those values of Aaand a2which can reproduce
the empirical Do. In this procedure, the final a2 has the
character of an eigenvalue. For the oaredt value of V, the
a2value so determined should be the actual degree of
hybridization, if the magic formula is essentially correct in
form. (To make the curves have their maxima exactly at
3.47 e.v., Aashould be slightly increased for V = 0.7, slightly
decreased for V= 1.0; but there is no point in determining
A, to more than two decimals.)

The necessary S values, for any a value, were first
looked up in published tables,6l POand AP were
=taken from Table VIII, and K% was taken as
0.8 ev.2

(51) L.c., ref. 14b, Table X1 (SCF values) for Sfihand
hybrids for $/3h, negative hybrids for $0/3k);
iSkh values.

(52) J. R. stehn, J. Chem. Phys., 5, 186 (1937), and G. W. King,
ibid., 6, 378 (1938), applied VB theory in instructive studies of CH,
NH, OH and FH.
they obtained empirical values for various exchange and Coulomb ener-
gies. However, they made assumptions (including neglect of inner-
shell non-bonded repulsions, and no hybridization), which in the light
of the present work render very questionable the meanings of the
numerical values they obtained.
X7rh (J%in their notation) appears free from serious objection. It agrees
well with the value 0.68 e.v. estimated semi-theoretically at the end of
footnote 31 above.

(positive
ref. 14a, Table 1V, for

Using atomic and molecular spectroscopic data,

However, their value of 0.8 e.v. for

Robekt S. Mulliken
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The graphical eigenvalue procedure used in Fig.
1 needs justification. First of all, it should be
noted that it is not necessary that the procedure
be valid except near the correct value of v (which,
moreover, need not at first be known), and the
following reasoning is to be understood as applying
only to that value of v. Suppose, then, that one is
working with a magic formula, including correct
values of v and Ac, such that when the degree of
hybridization existing in the true molecular wave
function is assumed, the formula will correctly
reproduce the true bond energy. Under these
circumstances, an exact formula for the energy of
the true wave function and of others differing from
it only in degree of hybridization would show a
maximum DO (minimum total energy) for the
true degree of hybridization. If the structure of
the magic formula represents approximately cor-
rectly the various elements which combine to
give the final D it should show essentially the
same property. If the magic formula were really
bad, it might give no maximum at all for _D0 as
function of a, and the fact that it actually gives
well-defined maxima (c/. Fig. 1) is reassuring.
The writer feels that if coefficients for the magic
formula can be obtained by the procedure des-
cribed, such that observed DO values for a reason-
ably large and varied group of molecules can sub-
sequently be reproduced, then both the formula
and the procedure are probably valid to a reason-
able degree of approximation.

The results obtained for CH are summarized in
Table I. In Table Il, details of the individual
terms in Eq. (25) and (26) for DOof CH are given,
for the parameter values (r = 0.7, Aa = 1.16)
later adjudged to be about correct. This tabula-
tion gives a vivid picture of how the various bond-
ing, repulsive, and promotion terms combine to
give the final resultant D o

Tabite |

Vatues of AQand O for CH as Function of Assumed

Value of V

v 1.0 0.85 0.70 0.55
A« 1.33 1.25 1.16 1.07
a2 0.22 0.20 0.155 0.10

Tabre |l
Structure of DOFOROH IFv = 0.7, = 1.16
a=o a2= 0155
'Sth 0.509 0.686
8ch 0.071 0.071
$no.h 0.553 0.308
Xev.) 5.57 6.73
-Fkh -0.62 -0.62
—losn -3.54 -1.09
-a 2AP 0.00 -1.46
iKn 0.40 0.40
-Po -0.49 -0.49
Do 1.32 3.47

“ See Table V111 for POand AP, ref. 51 for Svalues, ref.
52 for Kirh, Eq. (25)-(26) for magic formula.

A comparison, for v — 0.7, between the results
computed for the case of no hybridization (a = 0)
and for the probable actual hybridization (a2 =
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0.155) likewise shows vividly the importance of
the relatively small amount of isovalent hybridiza-
tion in stabilizing the molecule (see Fig. 1 and
Table 11). Moffitt,8Busing VB theory with semi-
empirical values of the necessary exchange integrals
(instead of Eq. (22) and (23)), and maximizing the
bond energy with respect to degree of hybridization
in essentially the same way as here, has obtained
similar results (a2 about 0.1 for CH; he has also
discussed NH and OH). Noteworthy in Table 11
is the fact that hybridization is effective in two
ways, namely, by increasing the size of bonding-
term Xph and by decreasing the magnitude of the
non-bonded repulsion term —FQh

VIIl. The Fitting for 02

Since the ~gground state of 02is a somewhat
special case in terms of VB theory, it will be more
convenient to make a fitting to the first excited,
g, electronic state, whose VB electron configura-
tionldb is

k)2 k)2 haR)2 haB)2 hR-hR) ir-ir) ®)2t")2 27)

with one ns-nh ¢ bond and one +-« bond53 ne and
nog are as defined in Eq. (21). For the 4Ag state,
DO is less by its known excitation-energy (0.98
e.v.)4 than DO (5.08 e.v.) of the 2~g state. Eg.
(21) now takes the form

410 = pa = (xBB T X tt) (2/ gar T 1
2v»B,08 + 2vyR + 4FKO/S + 2vrw)-\~ (BkRw +
tikaB,tt + 6Kkn + 2Kanr') — 2(/'0+ a2AP))

(28)

with Daand AP as given for the TV valence states
of the oxygen atom listed in Table VII1.5

In Eqg. (28), is negligible and can be dropped.
Further, it is convenient to rewrite some of the
other terms as follows (the relations stated are
easily proved)
2(vks + YkoR) —2(Fks + Fk(r); 3(Kpr +

1od37%) = 's(kaw T kffjr) (29)

The terms in Eq.
grouped as

(28) can then be usefully re-

410 = po = C+ E(v) + F(a) + G(a,v) + H{kwyv) (30)
where

C — —2Pqf @ASMT T 3Kar T 2Kuk)

—2(1w + Fka)

XBB-\- SKaR.ir

E{v) =
F(a) —
= —2a2Ar "FArs
—2(1R03+ Fd3d3+ I'koR)
We- 2v, =
At;!l[&'ll’(l + St -
Using Eq. (23) for the Vs and the method of ref.
31 for the K's, C becomes a known constant and
E{v) a known function of v. Similarly, F{a) be-
comes a known function of a. G is an expression
which (using Eq. (22) and (23)) is seen to be pro-
portional to A and also to depend on a and v, but

—2az2kP

cAKax + RB2K sx

G

2 aB K sirl(JT
G(a,v) =

H{k,v) =
2vs\]

(53) One has either 7r+i7r+) ir~)2tt=): or 7r"*7r") ir+)2te+)2 the two
cases corresponding to the M1 = —2 and +2 sub-states of the doubly
degenerate electronic state xAg.

(54) For <= 0, 0 = 1in Eq. (24), the state of each oxygen atom
would be sV xtt'2, Vi\for a = 1, 0 = 0, it would be s<rZZnr'2, V. The
proof that P for each oxygen atom is Pa + «2AP isindicated in Appen-
dix Il. A factor two is then required in Eq. (28) since both oxygen

atoms are promoted.
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after inserting the value of Aa (as determined in
Section VIII for CH) corresponding to any one of
the v values 1.0, 0.85, 0.7, 0.55, G becomes a quan-
tity which depends only on a and v. To obtain
the hybrid SCF S’s required in computing the F’s
by Eq. (23), in C and G, the method of ref. 42 and

51 was used. Finally H, after inserting / 1 for the
oxygen atom from Table VIII, depends only on v
and on the as yet undetermined A «.

For any assumed value of v, the complete expres-
sion on the right of Eq. (30) now depends (aside
from known constants) only on A, and a. It is
then possible, for any particular assumed v value,
to determine 4, and a2by the method that was
used to determine Ac and ct2for CH. The results
are included in Table IV.

IX. Definite Determination of Empirical Param-
eters for the Magic Formula
Determination of Degrees of Hybridization

For the final determination of Aa A,, and v, it is
convenient next to compute b o for several mole-
cules by the magic formula, for each of the vvalues
1.0, 0.85, 0.70, 0.55, using the corresponding ap-
propriate values of Aaand A, as determined in
Sections VII and VIIlI. By comparing these com-
puted b ov) values with empirical b o values, one
can determine what v value gives the best average
fit. With v thus fixed, the values of Aa A,,, and
of alfor the molecules considered are determined.

Selecting first the ground states of N2and F2 it may be
noted that their electron configurations are formally iden-

tical with (27) for the ]Ag state of 02 except, for the jr elec-
trons. The respective ir partial configurations are

X, TFAH) #-w) |
02 twt)w)2t")2 )
F2 wW2w2t')2ic)2J

Equations for N 2and F2corresponding to Eq. (28)—31) are

easily written; values of Pa, AP, 1k and h, for use in con-
nection with these equations are found in Table V1II, and
the necessary S's and K 's are obtained in the manner de-
scribed for O02following Eq. (31). Regarding Aa- and Ar
now as known (for any given v), and o o as a quantity to be
computed as a function of v, the analog of Eq. (30) is

(32)

AW ) =c + Ffa) + GW) + H{v) (33)
with
c = (2orOWw - 2pa + (20r4)AV + 1
Do,,) (1 QL 4)Kxxf
E(v) = —2(1 ks+ | Kif) + (0 or —4)1 X
F(a) = 2a2AP + X/33 + (2 or —i)Kop,x\ n
Sov reduction of Kop.r, see Eq. (31)
G(a,v) = —2(F/soB+ Yop.op + Yk.op)

Wiliere a choice is given in Eq. (34), the first alternative re-
fers to Ns, the second to F*. The next step, for either Nsor
Fs, for each assumed v value, is to plot the computed DO
against a2 as in Fig. L The maximum of each such curve
then gives the desired value of o, (also of a2) for the given v
value.

If the electron configuration of CH4is written using tetra-
hedral carbon orbitals}*%

k)2 te-xK) te\yhh)tec-h,i) ted-hd)&

(55) For some discussions of hydrocarbons using VB methods, see
for example, J. H. Van Vleok and A. Sherman, liev. Modern P hys7,
167 (1935), and references there cited; R. Serber, J. Chem. Phys., 17,
1022 (1935); W. G. Penney, Trans. Faraday Soc., 31, 734 (1935)
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Tavbie Il

Coefficients of Terms in DOFormutas (Eq. (21)) for

V3h M -Fm
n_2 2 r 2 )
n_a4 4 1 1 3
n-e 6 1 0 3

- \03h - Fh -W h - Vkh
n= 2 1 1 1 2
n- 4 2 2 2 4
n=s6 3 3 3 6

Pxb Ve
n- 2 2 2 2 2
n-4 2 2 2 2
n==6 2 2 2 2

- Y.c -Yaa + Y2 —YdwW -Y k, — Ykff
1 2 2 0 2 2
1 3 3 3 2 2
1 3 3 1 2 2
y th -Vhh -V'hh -F"mh
2 0 0 b
4 1 1 1
6 3 3/2 3

Kt K KA Kwh k Th
1 4 2 2
1 4 4 4
1 4 6 6

« Unprimed exchange terms refer to AO pairs on nearest, singly primed to those on more distant, and doubly primed to
pairs on most distant neighbor atoms. The subscripts i3refer to dli, tr, tefor N — 2, 4, 6, respectively, o/3 to the corresponding

orthohybrids (c/. footnote 14b).

Table IV, it is
(F = 1.28 e.v.) is the same per alomin CH,,.
C-H bonds have been neglected. dNegligible.

the magic formula becomes

Do = 4Xte,h —4Fkh —2Fote,nh + ikwh —3Fhh —
P(tehVa) + V  (35)

The terms —2Fo;eh — 4/iih come from transformation of a
term —s F te'h corresponding to the 12 non-bonded exchange
terms between H atoms and the ®© AQ’S to which they are
not bonded; Kwh is taken as in ref. 52, except for a slight
correction for the smaller C-H distance. P is Voge's value
for case D of Table IX and V is Voge’s demotional RE cor-
rectionz (see Section 1V). A polar RE term, though
probably a[%)reciable, has been neglected in Eq. (35). In
computing X anc the F’s using Eq. (22)-(23), the S values
are obtained as for CH 51 the / values are Ih = 13.60 e.v.,
Ik = 288 (Table VIII), and L = 13.68 (Table IX).

For CZHn (N = 2, 4, or ), the non-bonded exchange terms
are very numerous, and the Do formulas are best presented
in tabular form (Table 111).55 The electron configura-
tionsus are

cHe Kk)2k2teafra) E3K) tchg
B=h0Y) leb*K*) terAa*)
cH4 K)2k)2tkK) trohh 0t trohiy)
g )|
cH2 K)2k)2di*-h) di-di*) di*=h*) x-x*) x-x'*)

Many of the non-bonded exchange integrals involving hy-
brid AO’s occur in groups which (by using relations similar

to Eq. (29) above) can conveniently and rigorously be

transformed into F's and K’S which are largely non-hy-

_lIJ_rigl,ealnlril this transformation has been done in preparing
a .

For H2and He2 Eq. (21)—23) reduce to Eq. (7) and (10),
respectively. For H2+and He2+, Eq. (6) and (11)—12) are
respectively applicable.

The results of computations on all the molecules
mentioned above, carried out in accordance with
the first paragraph of this Section, are presented in
Table 1V. As will be seen from this Table, the
computed DOvaries rapidly, and in opposite ways
for N2and F2 with v, so that the best v is rather
sharply determined. On the whole, agreement of
observed and computed DOvalues is best for about
v — 0.7, with Ac = 1.16, AT = 153. The fact
that a compromise v can be determined at all to fit
(even though roughly) such different molecules as
N2and F2gives important support to the validity of
the general structure of the magic formula.

(36)

For C2Hs, the coefficients given above were worked out on the basis of the
(symmetry D3h). 6See Table IX for the I\ values (cases B', C, Dfor n = 2, 4, 6, resEectiver).

that the RE correction analogous to the Voge demotional R
This must be considered a guesstimate.

form
¢ For the computations of
correction (c/. footnote 37) for CEL
Polar RE corrections for the

Excluding H2 and Li2as exceptional,5% the aver-
age difference -per electron-pair bond between ob-
served and computed D» values for v = 0.7 is about
+0.3 e.v.5 11 view of the presence of only three
adjustable parameters in the magic formula, the
agreement found is all that one could reasonably
hope for, and much too good to be reasonably at-
tributable to accident. As a corollary, this argu-
ment indicates that the hybridization coefficients
in the v = 0.7 column in Table IV are probably
fairly near the truth.

The following further point is worth emphasizing.
Although the specific values for the coefficients in
the magic formula were obtained by procedures
which some readers may question, the formula
with these coefficients now stands on its own mer-
its, independent of these procedures. Its degree
of quantitative validity should be judged by its em-
pirical success in representing observed bond en-
ergies. One should also bear in mind that the
present magic formula is a first edition, in need of
further test by application to more molecules, and
undoubtedly capable of further improvement in
various ways (see Section XI111).

X. Validity and Uses of the Magic Formula
Procedure

The magic formula has now been implemented
with specific values for its coefficients. One may
ask; How good is it? What can it be used for?

(56) The figures on H? and L12suggest that a distinct coefficient AS,
with value about 0.7, may be needed for pure s-s bonds, as was pro-
posed in Ref, 4. Or possibly Aais anomalous for molecules which have
unusually small £ values, as is true of Hzand Li2 (Cf. second column in
Table I1V); the fact that proportionality of the theoretically computed
LCAO quantity —/3to Sfails when £gets small (see Section I1:
tence with Ref. 11) suggests this possibility. The discrepancy for F2
might then possibly be attributed to its exceptionally large £ value.
For other possible ways of dealing with H2, Lis and F2, see also foot-
note 23 and Section X 11I1.

sen-

(57) If the hydrocarbons, for which both the observed Do values and
the assumed resonance energies (Table 1ll, footnote ¢) are rather un-
certain, were omitted, a somewhat improved fit for the remaining
molecules could be obtained with (say) V = 0.75 (or perhaps 0.85, if
Airis made somewhat smaller than for V= 0.85 in Table IV, and exact
agreement for Oz is sacrificed).
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Table IV

Computed DaVatues prom M agic Formula

> 1.0

eeeeeeee- Com puted DO Values (e.v.)°»fercormmmmmmems

Molecule 1.33 ;).g: 2:;3 [1)375 G)SBI,’VEd

An 3.36 2.28 1.53 0.975 (e.v.) «

CH 0.9 3.47 3.47 3.47 3.47 3.47
(a2= 0.22) (a2 = 0.20) (a2 = 0.155) (a2 = 0.10)

0/ 1.3 4.10 4.10 4.10 4.10 4.10
(a2 = 0.14) (a2 = 0.12) (a2= 0.09) (a2 = 0.06)

n2 1.0 27.27 13.70 8.32 491 9.76 or 7.37
(a2 = 0.31) (a2 = 0.26) (a2 = 0.21) (a2= 0.15)

£* 1.8 -0.46 1.97 3.12 3.82 1.6+ 0.2
(a2 = 0.031) (a2 = 0.024) (a2 = 0.018) % =0k

h 2+ 1.0 3.32 3.12 2.89 2.66 2.65

h2 0.7 7.79 7.32 6.78 6.24 4.48

He2+ 1.7 1.46 2.1 + 1.0*

He/ 1.7 -4.30 -3.66 -3.01 -2.37 (-2.38)*

Li2 0.8 2.06 1.03

CiE 0.9 17.31 17.64 17.61 17.36 15.02 or 17 30

CH6 1.2 22.05 25.03 26.72 27.62 24.90 or 29 46

chd 1.0 25.86 24.23 22.79 21.47 19.11 or 23 67

ch?2 0.9 31.81 23.83 18.36 14.15 12.90 or 17.46

“ See text of this Section for methods of computation. 6The a2values given were determined by maximizing the computed
DOin the manner illustrated in Fig. 1L ‘ For the hydrocarbons, a2values were corresponding to the electron con-
figurations in (36), but demotional RE corrections were then included in the computed DOs to allow for deviations from the
assumed states of hybridization. This correction was 1.28 e.v. for CH4 2.56 e.v. for all CA1,, (c/. Table 111, note c). Polar

E corrections have been neglected. dFor definition of £ see Eq. (3) of ref. 4. *For CH, ref. 46; for F2and N2 ref. 48,
49; for He2 ref. 4, Table X; for the other diatomic molecules, ref. 47. The values for CH4and CZ2H,, are based on heats of
formation AH® for 0°K. taken from the American Petroleum Institute Project No. 47 Tables (15.99 kcal. per mole for CH4,
16.52 for CHE —14.52 for CH4 and —54.33 for C2112), combined with DO= 4.478 e.v. = 103.2 kcal. for H2and, for the heat

of sublimation L of graphite, either (a) 124 kcal. or (b) 175 kcal. (see footnote 58).

throughout. 1*ASstate. OAt 1.06 A.

e.v. (S. Weinbaum, J.
J. P. Molnar, Phys. Rev, 84, 621 (1951)).

heoretical.
The first question is discussed at the end of Section
IX and in Section XII1.

In answer to the second question: the magic
formula, used in connection with the maximizing
procedure described above, may be expected to be
valuable principally in three ways. They are; (1)
as a tool for the approximate computation or esti-
mation of bond energies; (2) as an expression
which shows roughly quantitatively how the total
energy of atomization results from the addition and
subtraction of significant individual terms; (3) in
determining approximate degrees of isovalent hy-
bridization. The first of these applications will be
considered now, the second in Section X1, and the
third in Section XI11.

As can be seen from Table 1V, the magic formula
is not as yet reliable enough to yield conclusive de-
cisions between controversial alternative observed
Do values, such as occur in several cases (see last
column of Table 1V). However, it is striking that,
no matter what value-pairs A,,, vthat fit CH are
taken, the magic formula always predicts for CH4
a value of DOwhich agrees closely with the highest
of the “observed” DOvalues corresponding to the
several competing values®Bfor the heat of sublima-
tion of graphite. (Note that A Tis not involved for
either CH or CH4) In view of the nature of the
similarities and differences in the structure of the
C-H bond in CH and CH4 (c/. Eq. (25) and Table

(58) The extreme values are 124 and 175 kcal.

see H. D. Springall, Research, 3, 260 (1950);
Modern Phys., 23, 185 (1951).

H. D. Hagstrum, Rev.

For recent reviews,

le.v. = 23.06 kcal./mole is assumed

* Band-spectrum value, 3.1 e.v., not very reliable (ref. 47); theoretical value, 2.2
Phys., 3, 547 (1935)); electron-impact value, between 1.2 and 2.1 e.v. (J. A. Hornbeck and

Il; Eq. (35) and Tables 111, V1), and in view of the
fact that the only possibly needed further correc-
tions to the computed DOof CH4would probably be
polar RE corrections which would increase DQ the
definite indication given by the magic formula in
favor of the high heat of sublimation of carbon may
have real significance.

The magic formula should be applicable to radi-
cals, and so, by the use of differences between heats
of atomization for molecules and radicals, should
permit the calculation of energies of dissociation
into radicals.

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

The formula, either in its present form or after
improvement, may also be useful in dealing with
non-bonded repulsions (see the last paragraph of
Section V).

XIl. The Theoretical Structure of Chemical Bond

Energies

Any system of dividing the total energy of atomi-
zation of a molecule into a sum of individual terms
is more or less arbitrary unless these terms corre-
spond to realizable physical processes—as, for ex-
ample, if Dqis expressed as the sum of energies re-
quired to remove the atoms one by one in a specified
order.® Even then, there is no unique way of ana-
lyzing Do into a sum of terms. And ever, in a

(59) For a recent analysis of these problems, see M.
M. G. Evans, J. Chem. Phys.f 18, 618 (1950).

Szwarc and
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Tabte V

Terms in Computed N2Bond Energy” Using the Magic Formula6

Al.
22YnTr — 2Tka — 2Yk(r —
1497 - 1.04 - 3.24 -

2P0

+ 2K3t A
3.40 + 0.89 + 1.68 + 0.10 =

Constant Terms (Total C)

2K(tt + Kttl— C

9.96

A2. Terms Including Those Depending on Hybridization

c 2asAR - 2YoSir 4"
a2 = 0:
a2= 0.21: + 9.96 -

+ 996 + 0.00 + 0.89 + 3.26 -
544 + 0.03 + 8.22 -

B. Distribution of Terms Between a and « Bonds0

abond: xpp + .- 2P03 - 2z2a*ap -
x bonds: 2xwx + k=*** + \hkajr —4P0/3
Total (DO

“cf. Eq. (33)—34).

bEg. (21)-(23) with Aa = 1.16, A+ = 153, v = 0.7 (c/. Section IX).
distribution between the « and x bonds is of necessity rather arbitrary, it has been effected as follows.

\das - 2yas - 2Yeae,tf - 2FKOs = Do
715 - 596 - 104 = -0.04
438 - 0.05 - 0.02 = +8.32
=0 a* = 0.21
Xy -14.57 - 5.78
+ 14.53 + 14.10
- 0.04 + 8.32

¢ For certain terms where the
Of the promotion

energy, the amount 2pPois necessary for the trivalent valence state, and it is here assigned one-third to the one a and two-

thirds to the two ir bonds.

The additional promotion energy 2a2AP is assigned exclusively to the a bond, since hybridization

affects almost exclusively this bond. The mixed terms K n are divided equally between the a and x bonds.

purely theoretical approach, any attempt to break
Do down into a sum of terms must ultimately be
regarded as merely a matter of convenience for
computation or understanding. In spite of all
these considerations, everyone recognizes the use-
fulness of waiting DO as a sum of terms of more or
less theoretical character. Most often, DOis cal-
culated as a sum of standard contributions (“bond
energies”) one for each chemical bond—plus cor-
rections if necessary for “resonance.” The stand-
ard bond energies are determined empirically to fit
observed thermal data.38

The present magic formula likewise is a sum of
terms, including corrections for “resonance,” 3%
and contains coefficients adjusted to make it fit ob-
served thermal data. However, it has (like the
VB theory formulas& from which it is adapted) a
much richer structure than the ordinary additive
bond energy formula, and, if soundly based, should
afford a much deeper and more detailed theoretical
insight into the various factors which determine the
total energies of chemical binding, and greater
possibilities of prediction. The possibilities of the
magic formula for steric hindrance effects have al-
ready been mentioned.

Finally, whereas the use of a table of bond ener-
gies involves a different empirical bond energy for
each kind of bond, the magic formula has a more
universal character in that, for all molecules built
from first-row atoms, or first-row atoms and hy-
drogen, it contains only three empirical coefficients.
(To cover the whole periodic system, more will
doubtless be needed.) To be sure, the magic form-
ula involves also certain other quantities which
must be determined: the overlap integrals S, theo-
retically; the ionization and promotion energies,
best from empirical spectroscopic data on atoms.

The way in which the magic formula gives insight
into the structure of chemical bond energies can
best be appreciated in terms of examples. For
this purpose, reference may be made to Table 11
and Figure | above, for the CH radical, to Table V
below, for the N2molecule, and to Table VI. Ta-
ble VB indicates, contrary to the usual idea that x
bonds are weak, that the x contribution to the bond-

ing is very large, the sum of the a contributions ac-
tually being strongly negative.™ Comparing the
calculated results for a2= Oand a2= 0.21, it further
indicates that without isovalent hybridization
(which is equivalent—see Table VIII—to partial
promotion from s23to sp4 without change of the
formal valence three), the bond strength would be
very small.

A notable feature of Tables V and VI is the large
size of the non-bonded repulsion terms Fks, Yk,
Yk, etc., involving the inner-shell (Is) electrons.d
The valence-shell repulsion terms Yp,Gy and Yd%
would be large if there were no hybridization (a2 =
0), but are made much smaller by hybridization.
Another point of interest is the very considerable
positive contributions made by the non-bonded
attractions (K terms).

The breakdowns of the total energies of atomiza-
tion into individual terms in Tables Il, V and VI
are similar to those presented by Van Vleck, Pen-
ney and others some years ago,6lguided by theoreti-
cal computations and by spectroscopic and other
empirical data. However, the individual terms are
now in many cases much larger. There are two
main reasons for this difference: (1) the terms cor-
responding to inner-shell:outer-shell repulsions
earlier were almost always neglected, whereas ac-
tually they are probably fairly largedd (2) the
possibility of hybridization was usually neglected
earlier except for CH4 and CHn, and except for
CH, NH and OH in a recent paper by Moffitt.2
When these two effects are considered, one arrives
at much larger bonding terms than when they are
ignored.

By making suitable combinations of individual
terms in the magic formula, theoretical expressions

(60) This can be understood as.follows. As two nitrogen atoms ap-
proach each other, @bonding first sets in, with little hybridization and
only moderate non-bonded repulsions; IFbonding is weak because the

TToverlap integral is small. At closer approach, both hybridization and

non-bonded <rrepulsions increase. Meantime the ir bonding increases
so rapidly with increasing ir overlap that equilibrium is not established
until long after the dinteraction sum has turned negative.

(61) See J. H. Van Vleck and A. Sherman, Rev. Modern Phys., 7, 167
(1935), forareview; alsoref. 37, 52, 55.
to the important work of M. Kotani and collaborators in Japanese
journals.

Reference should also be made
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Tabte VI
Structure of Atomization Energies®”
A . Homopolar Diatomic M olecules
Terms in Atomization Energy (e.v.) & L Bond energies 0
C,CM Term §-rsrmmmsememmeeeceee - cttTerms irirand irir' Terms
-psS X +k)e 2Y SA R zr ZK Gross Net
F2 -0.80 6.25 (-0.25) —1.91 0.83 -1.29 0 04 3.92 3.12
02 -4.31 7.95 ~ co —5.50 2.21 6.29 -2.62 08 9.396 5.08-
n 2 -8.84 8.22 ; —4.30) -8.73 2.60 14.97 10 17.16 8.32
B. Hydrocarbon Motlecutes"
1 CH, Intragroup Terms (e.v. per C-H Bond)
------------------ Terms---------- h -|T,|"I
X (2Fky 27 2K
CH 6.73 (-0.62) -1.71 0 40
CH, 6.66 [ © -1.00 -0.65 .82
ch6 6.63 (- .68) -0.97 - a4 ES
chi 6.77 (- .79 - .90 - .18 .86
ch?2 6.91 (- .79) - .80 .89
2. Intergroup Terms (e.v. per Molecule)
-H-H and OH :rerms--—-- - C--C Terms-----------—-- .
hh <h Th Fa Terms <« ifirand 77
27 (SYK* 27 2K X (S Yky 27 2K X 27 sK
caie -0.56 (-0.07) - 286 0.36 6.20 (-1.38) -2.16 1.86 - 1.20 0.06
OH - .21 (- .07) -2.26 .30 6.72 (-2.54) -3.43 2.48 5.56 -0.96 .09
CH - .01 - © -0.67 .09 7.22 (-4.23) -4.80 2.96 12.45 .13
C. Hydrocarbon Bond Energies (0o
C—H Bonds C—C, (™0 O o=o
- P+ REk Gross Net Gross S
CH - 1.95 5.42 3.47
CH -1.42 5.82 4.40
CH f-1.42 5.75 4.33
]1—2,845 3.51 0.37
-1.465 6.25 4.79
CH t
, -5.86 9.48 3.32
CH -1.63 6.85 5.22
-9.765 17.67 7.91

° Computed by magic formula with coefficients as in V = 0.7 column of Table IV. The terms are grouped by type (A,
T, K, P) and by category (a,a; ak; etc), in away which will be made clear by comparison with the detailed table of terms
for N2(Table V, with a2= 0.21). bThe nature of the terms in detail can be seen in Eq. (28)-(31) for 02 Eq. (33)-(34) for
N2and F2(also Table V for NJ. c¢The netbond energy is the sum of all the terms listed (except the Ft’s (c/. footnote e),
which are included in the ZF's). The g08Sbond energy is the sum obtained excluding and so corresponds to the energy
of formation from the promoted valence state. dP is2P0+ 2aZ2AP with POand AP from Table V111 and a2from Table
v (V = 0.7 column). *These sums represent portions of the immediately-following S F’s which result from non-bonded
repulsions between the inner shell (v shell, Is2or fc2 electrons of one atom and the valence electrons of its neighbor. They
are separately listed to show their frequently large magnitude. 1Here for the 2 ~gground state of 02 an additional term
+0.98 e.v. (determined empirically from the molecular spectrum) has been included, equal to the extra bond energy of the
P -gstate as compared with the 1A, state for which the magic formula computation was made. Oln CH4 and within each
CHmgroup in CH,, (m = n/2), there are C—H terms (intragroup ahand v,hin Table VIB) and H—H terms (intragroup
hhin Table VIB). In addition, there are in C H also intergroup terms of three kinds: H—H terms, between one Hmgroup
and the other; C—H terms (a,h and |r,h) between H,, in one group and carbon atom electrons of the other; and carbon-
carbon terms of various categories. (See Eg. (25) and Table Il for CH, Eq. (35) for CH4 and Table 111 for CH,,, for a com-
plete listing of all these terms; cf. also footnote 55.) hEach G—H bond energy is taken (Cf. footnote 55) as one Mhof the
sum of the following terms: (a) all intragroup C—H and H—H terms in C H ; (b) all intergroup H—H terms; (c) one-half
the sum of the intergroup C—H terms. Each C—C or C=C or C=C bond energy is taken (Cf. also footnote 55) as the sum
of (a) one-half the sum of the intergroup C—H terms; (b) the total of all C—C terms. For each N bond energy, a term
(cf. footnote KbelowO —P + RE from the second column is included; for the rO8Sbond energies, these promotion terms are
omitted. KThe values in this column are all bod (C—H or C—C or C=C or C=C). For CH, RE = 0and —
—P0—a?2AP, with POand AP asin Table VIII, and a2= 0.155 (c/. Table I). ForCH, —P + RE is onefouthof (—6.97 +
1.28), where 6.97 e.v. is the tetrahedral promotion energy Ptof carbon (Table IX, case D), and 1.28 e.v. is the Voge resonance
energy (RE) correction V (see Section IV and_Ref. 37). Similarly for C2Ll, (somewhat arbitrarily), the amount —(Pt —
F)/4 is assigned to each individual € pair-bond teminus ending on carbon; hence —(Pt — F)/4 to each C—H bond
and —(0/2)(Pi —V) to the carbon-carbon bond, with a = 1, 2, 3for CH, CH4 and CH2 respectively; note that Pt dif-
fers somewhat in the three molecules (see Table 111, especially footnotes b C); . also footnote 55.

or numerical values can be obtained which are
counterparts of the ordinary “bond energies.” In
the case of diatomic molecules, the bond energy is
the same as the atomization energy, hence is the
sum of all terms in the magic formula. For poly-
atomic molecules, as illustrated by the hydrocar-
bons CAl, in Table VIC, there is some arbitrariness

(especially for the promotion energy corrections)
in dividing the total atomization energy among the
carbon-hydrogen and carbon-carbon bonds.&

The ordinary assumptions3 of approximate con-
stancy and additivity of standard bond energies

(G2) For earlier VB theory discussions of the division of DO among
bond energies, see ref. 55, especially the paper by Serber.
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have been criticized by Serber® and others.® It
will be noted that the magic formula yields definite
bond energies which are not necessarily constant or
additive; but in particular cases where they actu-
ally are so—as for example in a series of molecules
such as the normal paraffins—it should be able to
show the reasons why; and in cases where they are
not, it should make clear the reasons. Here the
magic formula (preferably in a future improved
edition, including if possible a systematic formula-
tion of the RE term) should give interesting in-
sights. As an example, using the present magic
formula—and probably significant in spite of the
latter’s limitations—Table VIC shows approximate
equality of C-H bond strengths for CH4and CH6—
a relation which presumably would extend also to
the higher paraffins—but somewhat varying C-H
bond strengths for other types of hydrocarbons.

As Van Vleck clearly pointed out in the case of
hybrid carbon bonds,8 it is useful to distinguish
between gross bond energies, referred to atoms in
suitable valence states, and net bond energies, rep-
resenting what is left after promotion energy deduc-
tions have been made.® Gross bond energies are
truer measures of real or intrinsic bond strengths,
and it is with these rather than with net bond ener-
gies that equilibrium distances and force constants
should tend to be correlated. (This idea should,
however, be applied with caution, since degrees of
hybridization or promotion may often vary ap-
preciably with interatomic distances even near
equilibrium; for sufficiently large distances, of
course, they must change.)

Table VI lists both gross and net bond energies
for a number of bonds, as computed using the
magic formula based on the v = 0.7 column of Ta-
ble IV. Interesting, and probably significant in
spite of the preliminary character of the present
magic formula, is the slowly increasing C-H bond
strength from CH to CH4, CH6G CH4and CH2 in
spite of a nearly constant primary bonding term
Xh/364 For tne carbon-carbon bonds,® the com-
puted variation from C—C to C=C to C=C in
Table VIC seems to be too rapid, and this impres-
sion is confirmed by reference to Table IV, where
the computed atomization energy (for v = 0.7) is
relatively too small for CH6and too large for CH?2
as compared with the observed values.®%

An interesting problem is the possible resolution
of the (net or gross) bond energy of a double or
triple bond into a a bond energy plus a ir bond en-
ergy or bond energies. Unfortunately there is no
uniquely justifiable logical basis for doing so.
Nevertheless, it can be done in one or another way

(63) Cf. ref. 61, p. 195;
(64) For an earlisr VB calculation, based on similar consideration of

also ref. 37.

varying hybrid character in the carbon bonding AO in the C--H bond,
and in the bond energy of the latter, see T. Forster, Z. physik. Chem,,
43B, 58 (1939), in particular the Fig. In a recent semi-empirical
analysis relating bond energies to bond distances, G. Glockler (J.
Chem. Phys., 16, 842 (1948)) also obtains similar results.

(65) Possibly hyperconjugation (R. S. Mulliken, C. A. Rieke and
W. G. Brown, J. Am. Chem. Soc., 63, 41 (1941)) is partly responsible.
However, the authors mentioned estimated the hyperconjugation
energy per mole as 2.5 kcal. for CsHe, and 5,5 kcal. for C2H 4, not nearly
large enough to account for the discrepancies under discussion. It
seems not impossible that a revision of the calculations (cf. footnote
30 of ref. 74) might give considerably larger computed hyperconjuga-
tion energies.

Robert S. Muluken

Voi. 56

if one is willing to accept a considerable degree of
arbitrariness (particularly so for net bond energies)
in making fractional assignments of some of the
terms in DO partly to the a and partly to the ir
bonds. The terms in question include the promo-
tion energy, the ffir K terms, and in CHn the
H-H and C-H intergroup terms of Table VIB.&
One way of making such a division is illustrated by
Table VB for the nitrogen molecule. This makes
the €net bond energy negative in the N2triple bond,
and the ir net bond energy very large and positive.®
Applying the same method also to other molecules
listed in Table VI, one would obtain as a general re-
sult that a net bond energies are positive for single
bonds, near zero in double bonds, negative in triple
bonds. The < gross bond energies appear to be
always positive.

A very arbitrary but simple way to obtain sep-
arate aand 7Tbond energies is to use the assumption
of constancy of bond energies, including equality of
energies of a bonds in single and multiple bonds.
Although this procedure cannot be logically justified,
and is seriously at variance with the results of the
magic formula approach, a few results obtained by
it may be of interest for comparative purposes (see
Table V11; the assumption of constancy of abond
energies is embodied in footnote b of the Table).

Tabie VII
< and irBond Energies

Assuming Constancy of C-H and C-C < Bond Energies™

Bond energies B (e.v.)

Bond Type Net!* Gross'*
ll—H in H2 a  4.48 4.48
C—I1 in CH, (T 3.780r4.35 5.200r5.77
C—CinCH6 <€ 2410r355 526 or 6.40
. , «  [2.41 or 3.55]d
c=CinCHa 1.69 or 2.83  4.62 or 5.76
. [2.41 or 3.55]
C=CinCH2 148 0r2.62 4.74 or 5.88

{:

° This material was first presented at a meeting in 1942

(footnote 3), and was later published in part in Ref. 7 (see

footnotes** to Tables V and VII there). See also footnote
62. 60btained as follows (and see Table 1V), footnote e):

jB(CnH,) = AH°(CnH,) + mL + JnSoHs

B(C—H) = iDQCH4; B(C—C) = £QqCH§ - 6B(C—II)
Br(C=C) = D,(CH4 - 4B(C—H) - B(C—C)
Br(C=C) = i[HGCH2 - 2B(C—H) - B(C—C)j

' B(gross) = B(net) + }?n(Pt — v), with m = 1for CH4
2for CH,, and V = 1.28e.v. (cf. Table VI, footnote K), with
Ptvalues from Table 1X. dAssumed.

XI1.

Recently evidence has appeared from a number
of sources indicating the essential importance of
isovalent hybridization (i.e., partial hybridization
without increase of formal valence—see Section 1V)
for the energy and other properties of many mole-
cules. One of the most interesting aspects of the
magic formula, taken in connection with the pro-
cedure for maximizing Z)0 as a function of degree
of isovalent hybridization, is its ability to yield in-
formation about the latter quantity (see Table 1V,
v = 0.7 column, for results on CH, N2 02and F2.
Moffitt3B has already applied a similar procedure to
CH, NH and OH, using a conventional VB formula
with smaller values than here for the X 's and F's,
and neglecting the FKs;6l he obtained calculated

Degrees of Hybridization and Bond Properties
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degrees of isovalent hybridization somewhat smaller
than here.

The interpretation of information on the follow-
ing properties of molecules has also yielded rough
values for degrees of isovalent hybridization:
molecular dipole moments,8667 atomic electronega-
tivities,67 8 molecular quadrupole moments,® cou-
pling constants of molecular force-fields with nuclear
quadrupole moments,© absolute intensities of mo-
lecular electronic spectra.71 The degrees of isoval-
ent hybridization indicated by all these methods
agree roughly with those by the present method.

A brief discussion will be given here only of the
effect of isovalent hybridization on dipole moments
and on electronegativities. Robinson® has shown
that if HC1 were covalent, it would have, according
to a VB theory calculation, a considerable dipole
moment of polarity H_C1+ if there were no s,p
hybridization, while about 12% s,p hybridization
in the chlorine bonding AO would give a dipole
moment of the observed magnitude and with sign
H+CI-. Actually, there is no reasonable doubt
that HC1 has primary heteropolar character of po-
larity H+CI-, so that less than 12% hybridization
would be sufficient to account for the observed mo-
ment. However, the VB calculation is not reliable
enough to permit quantitative conclusions. The
main point to be emphasized here is that dipole
moments are extremely sensitive to small amounts
of isovalent hybridization.

In a rough LCAO calculation,67 the writer con-
cluded that as much as 20% s,p hybridization in
the bonding AO of Cl in HC1 would be needed to ex-
plain: (a) the observed dipole moment; (b) a
sufficient electronegativity of the chlorine atom to
account for the latter. The second point is quite
distinct from the first, and is also of interest for it-
self. Some time ago,34in setting up a semi-theoreti-
cal scale of electronegativities, the writer pointed
out that the electronegativity of an atom should
vary greatly with the type of bonding AO it was
using, and in the case of a hybrid AO should depend
strongly on the degree of hybridization. As ap-
plied to the chlorine atom, the writer’s conclusion6/
was that, for it to have the degree of electronegativ-
ity necessary to account for a strong enough H+C1~
heteropolarity in the H-CI bond to reproduce the
observed HC1 dipole moment, there must be a con-

(66) D. z. Robinson, J. Chem. Phys., 17, 1022 (1949), theoretical
calculations on HC1.

(67) Reference 7, p. 541.

(68) The effect of isovalent hybridization on the electronegativities
of N and O was discussed in ref. 34 (p. 787 and Table 1), and it was
pointed out there that the observed (Pauling) electronegativities of
N and O could be explained (aside from an improbable explanation

using “second-stage electronegativities”) only by assuming fairly large

amounts of isovalent S,p hybridization. For the trivalent N atom,
the result was 44%, which, however, now seems rather too large to
be credible. In the same discussion, Pauling's electronegativity for the
carbon atom was found to agree fairly well with that calculated by the
writer for a tetrahedral hybrid carbon AO.

(69) C.Greenhowand W. V. Smith, J. Chem. Phys., 19, 1298 (1951),
explanation of molecular quadrupole moments deduced from micro-
wave line-broadening. Theoretical computations indicated that 20%
B,p hybridization in the abond of N2, and 5—10% in that of O2, could
explain the magnitudes of these quadrupole moments.

(70) C.H. Townes and B. P. Dailey, ibid., 17, 782 (1949): “Hybrid-
ization of the normal covalent bonds of N, Cl, and As with atleast 15%
Scharacter is clearly shown.”

(71) H. Shull: intensities in Cj and Ns+ spectra (to be published

soon).
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siderable amount of s,p hybridization in the bond-
ing AO. Regardless of the quantitative soundness
of the conclusion in this particular case, it is clear
that isovalent hybridization must be of essential
importance in determining the actual electronega-
tivities of atoms like N, O and Cl.68

The effect, on electronegativities, bond strengths,
bond lengths and dipole moments, of varying de-
grees of s,pa hybridization in a bonds formed by
carbon atoms with pluvalent hybridization—in par-
ticular, of C-H bonds in CH4 and CHG CZH4
CH2—has been discussed by various authors.2

X1, Criticisms and Possible Improvements on

the Magic Formula

As has been emphasized above, the present magic formula
(cf. Section 1V, in particular ref. 30), both as to its precise
form and as to the choice of numerical values of its coeffi-
cients, is still preliminary. In this Section some criticisms
of its possible shortcomings and some possible leads for its
future improvement will be sketched.

First of all, it maé be an oversimplification to lump the
“ Coulomb” terms of VB theory into the other terms
(compare Eq. (21) with Eq. (19), (20)). This procedure
was adopted because in the VB theory for H2, the theoretic-
ally computed Coulomb term C is relatively small, espe-
cially at the equilibrium R; also because in"LCAO theory
for H2—which was used as a basis for the adopted form of
the X 's (Eq. (22)) in the magic formula—it was found em-
Eilrically that the sum of Coulomb plus error terms (C +

in Eq. (4)) is small. However, theoretically computed
Coulomb energies indicate3'l6 that in C-H bonds (and in
general whenever pa and hybrid a bonds are present) the
Coulomb terms of VB theory are much larger than in H273
If so, the fact that the magic formula, using Eq. (22) for
the primary bonding terms X of VB theory, works as well as
it does may be a result of the likely possibility that in general
the Coulomb terms, if actually important, may be more or
less proportional to the overlap integral S. The fact that
the value of A@ determined by fitting CH and other mole-
cules involving pa and hybrid-AO bonds, is too large to fit
H2and Li2might then be explainable as a result of the pres-
ence of much larger Coulomb terms in the former. How-
ever, all this is as yet hypothetical.

Another rather uncertain feature in the magic formula lies
in the method of calculating the non-bonded repulsions be-
tween inner (here Is) and outer electrons. As computed

using Eq. (23) with | values taken as averages of Is and
outer-electron | values, thes%Farticular non-bonded repul-
sions are often rather large ( . SFkcolumns in Table VI).
Although there are rather good reasons®for giving credence
to these large values, a more thorough study—theoretical
or empirical—would be desirable. (It seems possible even
that such a study might point to somewhat Iager rather than
smaller values.)

When a study of the effect of Coulomb terms is made,
possible effects corresponding to the “ multiple exchange in-
tegrals” of VB theory24should also be looked into.

With explicit inclusion of Coulomb terms in the magic
formula (and possibly smaller Yk terms), leading to smaller
Aa and revised AT and Vvalues, the resulting revised Table
1V might perhaps show improved agreements between com-
puted and observed DOvalues, in particular for H2 Li. and
F26 and for the molecules CH,. (For CH4 and CH,,
polar RE corrections for the CH bonds, neglected in Table
1V, should be included.) With smaller A,, values, the X 's
and F’s would become smaller, and thereby closer to the
much smaller effective exchange integrals indicated by the
earlier work of Van Vleck and others 6.

The magic formula should of course be tested and ad-
justed by fitting to more molecules, including molecules con-
taining atoms higher in the periodic system. For this pur-
pose, it will be necessary to obtain self-consistent-field S

(72) Reference 64; ref. 4 (Fig. 2 and p. 4500, and references in foot-
note 24 there); A. Maccoll, Trans. Faraday Soc., 46, 359 (1950); and
see Table VI above.

(73) Also in Lia, the Coulomb energy seems to be relatively some-
whatlarger than in H3 (cf. H. M. James, J. Chem. Phys., 2,794 (1934)).
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values for overlaps between such atoms.
tion situation will also be more complicated.

The usefulness pf the present magic formula is to some de-
gree limited by the fact that corrections under the general
heading of resonance energy are often needed (cf. Section
1V); these corrections, although usually of moderate size,
must be obtained by outside considerations. They are
needed in the following situations: (1) where strongly polar
bonds are present; (2) where there is unusual stabilization
by conjugation or aromatic resonance74, (3) where atoms
are present in a partially demoted valence state.

With regard to polar bonds, reference may be made to
Section V above. In extreme ionic bonds, the procedure
indicated there fails, but the magic formula should now be
valid with the molecular structural units taken as ions in-
stead of atoms, and an ionic attraction term added.

In addition to RE terms like those used in VB theory for
aromatic or conjugated molecules, a small second-order hy-
perconjugation RE term@&74is probably needed in the magic
formula for c 21 4, c 217,, and higher olefins and paraffins.

The magic formula is particularly good in cases where
there is only isovalent hybridization (cf. Section 1V). Here

APPENDIX 1.

The hybridiza-

Table

Some Valence-State Energy Data Applicable to First-Row Atoms W hen in

Robert S. Mulliken
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the use of hybrid-AO £ values, together with a subtractive
correction for the corresponding excess promotion energy,
completely takes care of the effect of hybridization on Z0.
But when, as in CH4 and (cf. Section 1V), pluvalent
hybridization is modified by partial demotion, no simple
way is apparent for taking care of the demotion energy ex-
cept by an RE correction like the Voge correction in Tables
11l and VI. Like other RE terms, this one must be com-
puted or estimated by special methods.

Finally, it may be recalled that the use of the magic for-
mula is at present limited to molecules with bond lengths
at their equilibrium values, except wfith respect to non-
bonded interactions (see last paragraph of Section 1V). It
seems possible that, when perfected, the magic formula may
be capable of reproducing D as a function of all the inter-
atomic coordinates for large ranges of these. In relation to
this possibility, the magic formula, taken in connection
with the standard procedure adopted above of always maxi-
mizing the computed DOwith respect to degree of hybridi-
zation, has the very good property that it permits needed
adjustment of hybridization with varying R without extra
complications.

VALENCE-STATE ENERGY DATA

\ARE

Linear Molecules"

lonization energies

Ground = e Promotion energie > (e.v.)
Atom state Statec Pa (e.v.) State& AP(e.v.) I k* iv
Li s, 28 s, V, 0.00 (66) 5.39
o] sd2 Pa sxnr, V2 0.49 sazr, V2 9.45 288 14.88
N sPs, *S sairir, V3 1.70 sT2ZIK, V3 (12.60) (398) 18.11
o s2*, Pa svrTrTi2, \R 0.67 So-ver2 V2 16.49 530 21.22
F SP G D3P snrair2, Vi 0.02 s<r2rrz-riz, W\ [20.92] 686 [24.88]

“ All energies are in e.v., assuming 13.60 e.v. as the ionization energy of the Ii atom.
state, AP the additional promotion energy to reach the state listed.
(estimated uncertainties a few tenths e.v.) are from data in ref. 34, except the value for fluorine which is extrapolated.

values for carbon are slightly inconsistent with Voge’s Glt

bP0denotes energy above the ground
The Pa values are from Ref. 34, and the AP values
(The

and Pt values in Table IX, but since the present values had

already been used in the later computations, it did not seem worth while to readjust them. Voge's parameters would lead to

Pa = 0.32 and PO+ AT = 10.04 e.v.)

cThe detailed configurations given correspond to quantization in a force-field of

cylindric symmetry, as in diatomic or other linear molecules; the symbols s, «; &, w', respectively, mean 2s, 2pa, 2pir+ and

2pj~.

example, 71 for nitrogen is one-fifth of

27BsVinr', T'r3—- > sarnr',Vi) + 7<r(sd-7nr',T3-— > SAnr,T2) + 27i(s2

Tabte IX

Valence-state Energy Data for Tetravalent Carbon®

Case

State —Pt(e.v.) /Lieu.)1
A SThdry, v a 8.47 13.68
A' Scrmr', Vv 4 8.78
B’ didiVx', vt 7.79
C trtr'trra, v, 7.14
D tete'te"te™, IT 6.97

“ The AO symbols are in part as in Table VII, note c; in
addition, di, tr, ie refer to digonal, trigonal and tetrahedral
2s,2p hybrids, respectively. Pt denotes promotion energy
to a tetravalent valence state. The value 6.97 e.v. for Case
D is from H. _T. Voge, J. Chem. Phys., 4, 581 (1936);
16, 984 (1948). The values for the other unprimed cases
are obtained from this by using Voge's 1948 values of 62
(0.21 e.v.) and £2%i (2.24 e.v.) and a formula of J. H. Van
Vleck, J. Chem. Phys., 2, 20 (1934), Eqg. (7), noting that

Cases D, C, B (didi'fxxy), A, correspond toy = }, y3 J,
and 1, respectively, in Van Vleck’s formula. The caseB A,
B', are obtained from A and B, respectively, by adding

15G2 (cf. Tables in ref. 34). 6 One-fourth of 2s plus three-
fourths of 2p ionization energy for State A. Since the whole
magic formula procedure is rough, this 7 for State A can
serve for all tetravalent states.

(74) For a theoretical analysis and some theoretical computations
of conjugation and resonance energies, see R. S. Mulliken and R. G.
Parr, J. Chem. Phys., 19, 1271 (1951). Serber (cf. footnote 55) has
also discussed the problem. Mulliken and Parr also give some analy-
sis of hyperconjugation energies.

d The JE values are Is Pa of Holweck quoted by Dauvillier, J. phys. radium, [6] 8, 1 (1927) (see also J. Thibaud,
ibid., 8, 447 (1927)), corrected slightly to agree with footnote a.
696, for C, N, O, F—were used in the calculations in this paper.)
note 34 or_from data given there, obtained by averaging over the 3 + m electrons in the sVir" valence states above.

(Actually, slightly higher estimated values— 291, 401, 542,

cThe 7L values are L shell valence-state values from foot-
For

irjVs —> S2ot, Vi)

Appendix Il. Energies of Isovalent Hybrid Valence

States

For the carbon atom in the state k)2h03)2hRB) v), V2, first
consider the antisymmetrized wave function written in de-
terminant form, (6!)“J Det fc(l) k'(2) h,p(3) had'(4) hR(5)
A(6), where the unprimed symbols refer to AO’s with posi-
tive spin (m, = + J), the primed ones to AO’s with nega-
tive spin (m, = —J). Writing out hall and hB as per Egs.
(24), the determinant may be expanded (cf., e.g., Margenau
and Murphy, “The Mathematics of Physics and Chemis-
try,” D. Van Nostrand Co., Inc., 1943, p“ 289) into a linear
combination of eight determinants of which four vanish,
and the remaining four combine (using a2+ B2 = 1) to give
the result

4>k2halRhBir) = a<p(kxpo-ar) + B\p(kx2ptnr) (37)

This derivation is for the case of a carbon atom with m,
— + Y« for the spins of hB and ir. An analogous derivation
evidently holds for each of the other three possible combina-
tions of to, values for these two AQO’s, hence also for the
kzh32hBir, V2valence state, since each Vi valence state wave
function is a linear combination, of like form in all cases, of
wave functions for the four different m, combinations men-
tioned.

W. Moffitt,5 in a similar discussion of hybrid valence
states, arrives at a relation the same as Eq. (37) except that,
apparently erroneously, he gives a2 and /32 as coefficients
instead of a and B. In a later paper,8he makes computa-
tions whose results, when graphed (his Fig. 1), are in agree-

(75)
p. 527.

W. Moffitt, Proc. Roy. Soc. (London), 96A, 524 (1948), top of
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ment with Eqg. (38) and Table VIII of the present paper.

By computing E = f t*H\pdv with taken as a V2
valence-state function given by an equation corresponding
to Eq. (37), one obtains, after noting that the two terms on
the right of Eq. (37) are mutually orthogonal if orthogonal
AO'’s are used or in general if true exact i’Vs are used

Ehapphpir Vi) = fiE(k23oT, VI + alE(k&wllir, V)
= E(Wp\ IP) + PO+ <AP i

where PO and AP have the meanings and the numerical

values given in the carbon atom entry in Table VIII. (The

derivation of Eq. (38) based on determinant wave functions,
though strictly not exactly valid for true exact wave functions,
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should be very nearly so, and entirely satisfactory for present
purposes. The values of P? and AP listed in Table VIII,
being based on spectroscopic data, corresponding to accu-
rate wave functions.)

For hybrid valence states cf other atoms, like that of car-
bon in having the configuration /,-)2h)2hp) . . ., but contain-
ing additional t electrons, equations analogous to (37)
and (38) can be proved by the same kind of procedure.

Acknowledgment.—The author is greatly in-
debted to Mr. Tracy J. Kinyon for extensive assist-
ance in carrying out the numerical computations
for this paper.

IN CONJUGATED AND

AROMATIC MOLECULES

By C. A. Coulson
Wheatstone Physics Dept., King's College, London, England
Received December 26, 1951

A critical discussion is given of some of the factors which influence the bond lengths of conjugated and aromatic molecules.
The three quantities (1) bond order, (2) hybridization type and (3) formal charge distribution are particularly important,
usually, though not always, in the sequence (1) more than (2) more than (3). A critical survey of published bond lengths
in aromatic hydrocarbons vindicates the concept of fractional bond order, by which bond lengths may be estimated to within

about 0.015 A. When hetero-atoms such as N and 0 are present the accuracy is much less.

Recent very accurate three-dimensional Fourier
analyses of the crystal structure of organic mole-
cules such as naphthalenel or the pyrimidines2
make it desirable that we should consider as care-
fully as possible the accuracy with which theoreti-
cal predictions of the bond lengths in these mole-
cules may be made. In many cases the experi-
mental uncertainty is no more than 0.015 A. and
with more refined electrical methods for measuring
the intensity of the various scattered rays in a Laue
diagram, it may even improve. We are led, there-
fore, to ask first, what factors affect these bond
lengths, and second, how closely may we reasonably
hope to calculate them?

We are not concerned here with simple mole-
cules, for which, as Warhurst3 and others have
shown, a wider variety of technique is available.
Our concern is with large molecules where some sim-
plifying assumptions have to be made. The most
important of these is the assumption that resonat-
ing bonds can be described in terms of a fractional
bond order, and that this bond order effectively
determines the corresponding bond length. There
are however other factors of importance, as we shall
see. The present account will be concerned with
(1) bond order, (2) hybridization type and (3)
formal charges, all of which are significant in this
connection.

(1) Bond. Order.—Ever since the pioneer work
of Pauling, efforts have been made to improve and
refine the definition of fractional bond order.4 The
crucial question is this: is there a genuine correla-

(1) S.C. Abrahams, J. M. Robertson and J. G. W hite, Acta Crystall.
2, 233, 238 (1949).

(2) W. Cochran, ibid., 4, 81 (1951).

(3) E. Warhurst, Proc. Roy. Soc. {London), A207, 32 (1951), and

earlier papers.
(4) For areview see C. A. Coulson, ibid., A207, 91 (1951), and C. A.
Coulson, R. Daudel and J. M. Robertson, ibid., A207, 306 (1951).

tion between calculated erder and observed length?
Thanks to the greatly improved accuracy of recent
experimental work it is possible to answer this
guestion unambiguously. Figure 1 shows the con-
ventional curve for C-C bonds, drawn to pass
through the basic points corresponding to diamond
(C-C), ethylene (C=C) and acetylene (C=C).

Fig. 1.— An order length curve for carbon-carbon bonds.

These all have integral bond orders, 1, 2 and 3, re-
spectively. If the concept of bond order is to be
useful, then the points for other molecules where
the orders are no longer integral, should lie on or
near this curve. Figure 25shows all the presently
available data. The legend underneath defines
the molecules to which the various points apply.
The solid curve represents about the best curve
through the points. This curve follows extremely
closely the shape predicted theoretically by the

writer,60f the form
X=8-(s-d)/jl+x (I ")]j 1

(5) Taken, by permission, from ref. (4a).
(6) C. A. Coulson, Proc. Roy. Soc. {London), A169, 413 (1939).



Fig. 2.— Curve showing relation between calculated bond
order (by use of molecular orbital approximation) and ob-
served bond length in conjugated hydrocarbons: A, anthra-
cene; Be, benzene; Bu, butadiene; C, coronene; E, ethyl-
ene; G, graphite: N, naphthalene; 0, ovalene; P, pyrene.

where x is the length appropriate to bond order p;
s and d denote single and double bond lengths and
K is some constant. The two dotted curves on
either side are drawn parallel to the solid curve, a
distance 0.02 A from it. There is no possible
doubt, from a study of this curve, but that bond
lengths are, in fact, closely correlated with bond or-
ders; and that an error exceeding 0.02 A. in predict-
ing the bond length in aromatic and conjugated hy-
drocarbons of this class, is exceedingly rare. The
points in Fig. 2 were calculated by using the molecu-
lar-orbital approximation. A similar curve, with
similar spread of points, can be obtained (though
with more difficulty; see later) with the valence-
bond approximation. The two curves are not
quite identical, since the definitions of bond order
are not identical. It is important, therefore, al-
ways to specify what method of calculation is being
used. In the case of naphthalene, for which Coul-
son, Daudel and Robertson4b have made a detailed
study of the accuracy, the root-mean-square devia-
tion of the calculated and experimental bond
lengths is almost the same for the two methods,
with a value 0.018 A This is scarcely greater than
the precision claimed for the experimental values
themselves.

When dealing with large molecules in this way,
the molecular-crbital method seems to have consid-
erable advantages over the valence-bond method.
For in this latter, as Mme. Pullman? has shown, the
choice of canonical structures is made very compli-
cated by the fact that, the larger the molecule, the
more important are the more highly-excited struc-
tures. A similar difficulty is experienced in the
alternative “spin-states” treatment of Vroelant
and Daudel.s The odd conclusion is reached with

(7) A. Pullman, Ann.chim,, 2, 5 (1947).
(8) C. Vroelant and~R. Daudel, Bull. soc. chim,, 16, 36, 217 (1949).
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the molecular-orbital method, that the validity in-
creases with the size of the molecule. This is well
brought out in Fig. 3, which relates to the twelve
distinct bonds in ovalene (Cx»Hu). This is the
largest molecule for which a detailed comparison
can be made; but as Miss Buzeman's calculationsy
show, the relative distribution of length agrees
quite astonishingly well with the observed distribu-
tion. It is true that the calculated spread of
lengths is rather smaller than the observed spread—
this appears to be fairly generally true—but the
sequence is correct, to the degree of significance of
the measurements themselves.

Fig. 3.— Bond lengths in ovalene:
ments (Robertson);------------- ,

, X-ray measure-
m.o. calculations (Buzeman).

The situation with heteromolecules is far less
satisfactory. The presence of other atoms than
carbon in the resonating framework leads to charge
migrations and a resonance moment. These mi-
grations cannot yet be calculated adequately since
the theory is still insufficiently developed. Fur-
thermore, as Cox and Jeffreyio have pointed out, the
standard bond distances are not known sufficiently
well for a curve similar to that of Fig. 1 to be
drawn for other bonds than those between carbon
atoms. Nor is there a theoretical form available,
similar to that represented by (t) for carbon-carbon
bonds. In section 3 we shall have something to
say about the changes in bond length which are in-

(9) A. J. Buzeman, Proc. Phys. Soc., A63, 827 (1950).

(10) E. G. Cox and G. B. Jeffrey, Proc. Roy. Soc. {London), A207,
110 (1951).
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duced by the uneven charge distribution. There
are, however, one or two general results which can
be inferred, even without a precise knowledge of
the order-length curve. One such result is illus-
trated for anilinellin Fig. 4. On the left is the dia-
gram of bond orders in the ground state: on the
right is the corresponding diagram in the excited
state reached by absorption of ultraviolet light. It
is immediately clear that certain bonds acquire a
greater, and others a smaller, bond order corre-
sponding to a more nearly quinonoid character.
In an exactly analogous way there are different
charge migrations in the excited state and ground
states, showing, as has been pointed out by various
workers, that the chemical reactivity of a molecule
of this kind may be quite different in an excited
state from what it is in its unexcited state. If, as
sometimes happens, the excited state is metastable,
with a fairly long lifetime, this might be susceptible
of experimental verification. The only experi-
mental verification of such calculations of excited
molecular states which has so far been made con-
cerns benzene, where in one of the excited statgs the
hexagon length increases from 1.39 to 1.43 A, in
excellent agreement with what was predicted.

The case of a chain molecule, such as butadiene,
is interesting. Here electronic excitation should
increase the bond order of the central bond to such
an extent that instead of writing the molecule as
= — =, we may then represent it more nearly
as — = —with two large free valences at the ends.
Much the same situation will occur with styrene
and similar molecules. The relation of all this to
the question cf photo-polymerization is at once ob-
vious.

Before concluding this section there are two comments
that must be made. First, evidence is accumulating that
when using the molecular-orbital technique, wo ought to
introduce a greater measure of electron-correlation than is
found in the simple treatment usually given.1213 This
may be achieved by the device, already familiar from studies
of atomic spectra, of configuration interaction. A careful
analysis46 for the case of naphthalene suggests that its
inclusion has the result of increasing all the bonds, approxi-
matelyo by the same amount. [For naphthalene this is
0.007 A.] There is no reason for supposing that the situa-
tion would be greatly different in other molecules of this
type. If so, we conclude that the introduction of configura-
tion interaction in the ground state is a refinement with
which we need not concern ourselves until experimental
techniques are much improved beyond their present power.
In this connection it may be worth mentioning#4 that this
is comparable with the root-mean-square amplitude of vi-
bration of the atoms, even in their zero-point vibrational
level, so that not much significance attaches to closer meas-
ures of bond length than this.

The second comment is that there are several other minor
improvements in the simple molecular-orbital method,
which may be introduced. It is shown in reference (4)
that these are not all of the same sign, and individually
they can cause bond length changes of the order of magni-
tude of +0.005 A. The final conclusion therefore is that
the limit of reliable prediction is about 0.015 A., and that
an inordinate amount of work would be necessary to im-
prove on this degree of precision. Fortunately even this
is sufficient to bring out the most interesting features of

(11) C. A.
(1949).

(12) D. P. Craig, Proc. Roy. Soc. (London), A200, 474 (1950).

(13) J. Jacobs, Proc. Phys. Soc. (London), A62, 710 (1949).

(14) C.A. Coulson, P. W. Higgs and N. H. March, Nature, 168,1039
(1951).

Coulson and Miss J. Jacobs, J. Chem. Soc., 1983
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Fig. 4.— Aniline: (a) ground state; (b) excited state.

these molecules:
is worthwhile.
(2) Hybridization,—The second factor which is
of importance in determining bond lengths is the
type of hybridization of the atoms in the resonating
framework. In all the aromatic and condensed
molecules so far referred to, the bond angles are
either exactly or approximately 120°; the hybridi-
zation is therefore trigonal, and no effect of this
kind arises. But if the angles differ significantly
from 120°, or if we have triple bonds, or near-triple
bonds, derived from acetylene by conjugation, then
the hybridization is no longer trigonal. With
acetylene it becomes approximately digonal, and
the bond length is thereby altered. Whereas the
bond order effects were essentially 7r-electron ef-
fects, these are v-electron effects. The present
writeri@has shown how the bond angle determines
the hybridization of s and p orbitals around each
atom, and how this affects the covalent radius rBof
the atom in the direction of the bond formed by
this hybrid. A hybrid of s and p may be expressed
in the form s + \p, where Xis a coefficient of mixing
whose value ranges through 0 for pure s bonds to
V3 for tetrahedral bonds and °a for pure p bonds.
We may regard rc as a function of X Figure 5
shows how rc varies with Xfor the particular case of
a carbon atom. The details of this curve may be
found experimentally from a knowledge of the C-H
bond lengths in methane, ethylene, acetylene and
the CH radical; but the form of the curve is in
complete agreement with theoretical calculation.b
Reference to this curve shows that the bond be-
tween two carbon atoms in digonal hybridization

it is doubtful whether any greater precision

X2
Fig. 5.— Covalent radius of carbon as a function of X2
where X = coefficient of mixing in the hybrid orbital i
+ Xp.
(15) C. A. Coulson, Victor Henri Memorial Volume, Desoer,
1948, p. 15.

Liege,
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X = 1) may be 0.03 B\ shorter than one between
two similar a'oms in trigonal hybridization (X2 =
2). This effect is entirely additional to any changes
due to bond order differences.

A very clear example of this was provided by Penney and
Kynch.’6 If we compare the “single” bond joining the
phenyl group to the “double” or “triple” bonds in styrene
(1) and tolan (I11) we recognize that in (1) the two carbon
atoms bonded together are both in trigonal-type hybridiza-

(1) Styrene (D)Tolan

tion, but in (I11) one is in trigonal and the other digonal hy-
bridization. The fractional bond order of this bond is
substantially the same in the two molecules. The distinct
shortening of the central link in (11) as compared with (1)
must largely be attributed to the change in rc due to change
of hybridization type.

Care must be exercised in using this particular argument.
The hybridization ratios are determined by the geometry
of the molecule, as in reference (15), only if the bonds are
“straight”; that is to say, the hybrids at each particular
nucleus are directed straight toward the attached neighbor
atoms. Often this will be the case, though there are ex-
ceptions, such as molecules with a closed ring of less than
six atoms where in the language of Baeyer, we could say
that the bonds were strained. The wave-mechanical de-
scription of this form of strain is that the bonds are “bent,”
as a result of the hybrids which are paired together not be-
ing pointed directly toward each other. The physical
significance of this arises from the fact that bond strength
is closely related to the overlap between these orbitals, and
the overlapping power of a hybrid varies greatly with the
degree of hybridization, being maximum for sp digonal hy-
brids and least for pure aor pure p orbitals. A compromise
is therefore reached whereby the tendency to have sp hy-
brids is balanced by the fact that if we did have them their
greater potential overlapping could not be used since they
would necessarily have to point at an angle with the line
joining the nuclei. Coulson and Moffitt'7 have discussed
cyclopropane in some detail. The best description of this
molecule in terms of localized electron-pair-bonds is to sup-
pose that the three carbon atoms are hybridized in such a
way that the bonding orbitals in the plane of the molecule
are directed as shown by the arrows in Fig. 6. They make
an angle of 22° with the lines joining the nuclei. One re-
sult of this is that the C-C distances are reduced below the
normal single bond distance. This is entirely in accord
with experimental evidence.

Fig. 6.— Cyclopropane.
Arrows denote directions of
hybrids at corner C atoms for
making bent C-C bonds.

It would be wrong to give the impression that such hy-
bridization effects on bond length are easy to deal with.
They are not. Partly this is because the actual determina-
tion of the hybrids in cases of strain is a tedious computa-
tion, only practicable when, as in cyclopropane, there is
considerable symmetry to help. Partly also it results from
the recent discoveryl418 that the distinction between a-
and »-electrons is nothing like so sharp as was formerly be-

(16) W. G. Penney and G. J.
A164, 409 (1938).

(17) C. A. Coulscn and W. E. Moffitt, Phil. Mag., 40, 1 (1949).

(18) S. L. Altmann, Proc, Roy. Soc. (London), A21Q, 327, 343 (1951).

Kynch, Proc. Roy. Soc. (London),
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lieved, and that, as a consequence, there is a species of
a-it resonance. Such resonance mixes together the influence
of bond order and hybridization. Other difficulties arise
from our present ignorance of all the effects of changes in
hybridization ratios. Thus in 1,2,3,4-tetraphenylcyclo-
butane studied by Dunitz,19 the C-C bonds in the cyclo-
butane ring are increased in length from the conventional
1.54 A. to an average of 1.57 A. Dunitz gives reasons why
we might expect these bonds to have more p-character than
a normal tetrahedral bond. If so, it remains hard to see
why an increase in p-character decreases the C-C distance
in cyclopropane, but increases it in this phenylcyclobutane.
The only likely explanation seems to lie in the fact estab-
lished by Coulson and Moffittl7 that in cyclopropane the
bonds are notably bent, whereas in cyclobutane the degree
of bending is very much smaller (9° instead of 22°). Fur-
ther analysis of this phenomenon is desirable.

(©) Formal Charge Distribution.— The last fac-
tor which we shall consider is the formal charge
distribution. When heteroatoms are present within
the conjugated framework there will be resonance
charge migrations away from certain atoms on to
others. If we associate formal charges with each
atom, some will carry a net positive charge, others a
net negative one. Now in almost all of the meth-
ods used to calculate these charges, no allowance is
made for their mutual interaction. Since charges
of similar sign repel, they will tend to increase the
bond length if they are adjacent. Similarly, if the
charges are of opposite sign they will tend to
shorten the bond. A rough estimate of this addi-
tional effect may be made as follows.

Let gi and g2be the net charges, in units of e, on
the atoms of abond. Then the force between them
may be written g 22/ Kr2 where k is some effective
dielectric constant for the medium around the bond.
A conventional value k = 2 is often taken in other
somewhat similar circumstances. Let us suppose
that, in the absence of this force, the bond length
would be r, and in the presence of it, there is a
change to r + Ar. Then we may equate the
Coulomb repulsive force between the charges to the
restoring force kAt where k is the force constant
of the bond. Thus

KAr = qigz2/K(r + Ar)2
Approximately, therefore
Ar = qigie"/Ksr2 (2)

It is a little surprising at first to see how small this
bond change is. For if we take the rather extreme
caseof i = g2= 1, K = 1, and suppose that r —
15 A, k= 6 X 106dynes/cm., we find thatr =
02 A As ageneral rule the charges will be much
less than unity, and Ar will be correspondingly re-
duced.

If our heteromolecule is derived from an alter-
nant hydrocarbon (i.e., one with an even number of
carbon atoms in each ring) we may anticipate that
this effect will be particularly small (except for the
bonds from the heteroatom itself). This is because
atoms in the meta position to the heteroatom or sub-
stituent have their charge only very slightly altered.
It is the atoms in ortho and para positions that give
or receive most of the charge migration. Thus in
each bond either gi or g2is small, and no large bond
contraction will be expected. If two heteroatoms
or substituents are in positions ortho or para to
each other, we may anticipate greater effects,

(19) J. D, Dunitz, Acta, Crystall,, 2, 1 (1949).
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Such occurs in p-dinitrobenzene where, in fact,2
the quinonoid bonds have a rather longer length
than would be anticipated on the basis of a single
structure such as (1). If, however, we realize that
the formal charges on the nitro-groups would re-

quire that these be charges of the type represented
by (I1) on the ring atom, it becomes clear that we
have here one possible explanation of the somewhat
anomalous lengths in the ring.

When we have to deal with non-alternant mole-
cules the situation is rather different, and measur-
able effects are just possible with only one hetero-
atom. An example is pyrrole for which the net
charges2l are given in the figure. Application of
formula (2), with reasonable values for k leads to
a shortening of the bond N-Ci by about 0.007 A.
The changes in the other bonds are somewhat

-0.06 -0.06

smaller. This change, however,
within the range of being significant.
The situation becomes clearer when we pass to
charged molecules, particularly the ionic groups
found in crystals. Two examples will serve to
illustrate this. If we may treat the carbonate ion
as if it were purely ionic, with charge distribution
0- O-
C+
o -

is just about

then the formal charges give rise to a bond contrac-
tion of about 0.02 A. This system of charges
almost certainly exaggerates the effect, but it may
still be appreciable. Our second example is the
azide ion N3-. A conventional molecular-orbital
treatment, in which the Coulomb terms of the N
atoms are all taken to be the same, yields the rather
surprising result that the bond orders are both
exactly double, and the charge distribution is again
exactly integral. The ion could thus be represented
as N~=N+=N-~. This diagram exaggerates
the unevenness of the charge distribution, since
the migration of charge alters the Coulomb terms
in such a way as to attract more electrons back to
the central atom. A calculation by Mme. Bonne-
(20) F.J. Llewellyn, J. Chem. Soc., 884 (1947); S. C. Abrahams and
J. M. Robertson, Acta Crystall., 1, 252 (1948); S. C. Abrahams, ibid.,
Z, 194 (1950); T. H. Goodwin, M. Przybylska and J. M. Robertson,
ibid., 3, 279 (1950).
(21) See €.g., H. C.
Faraday Soc., 43, 87 (1947).

Longuet-Higgins and C. A. Coulson, Trans.

Bond Length in Conjugated and Aromatic M olecules

315

may and Daudel2gives a charge —0.83e on the end
atoms instead of our —I.Oe. But this is partly
compensated by an increased bond order (2.37 in-
stead of our 2.00), so that the charge and the bond
order effects are to some extent complementary.
What is lost by a decrease in the one seems to be
compensated by an increase in the other. Several
other molecules, including the carbonate ion and
nitrate ion, have been investigated with so nearly
identical a conclusion that one suspects it to be
quite general. In the case of N3 the formal charge
distribution —1, -f-1, —1 leads to a bond contrac-
tion of the order of 0.10 to 0.15 A. depending on the
appropriate value of K. This shows how danger-
ous it is to estimate the interatomic distances solely
by reference to fractional bond order.

In this particular molecule there is a further mat-
ter of some importance. The central N atom must
almost certainly be hybridized in a digonal manner,
in order to give equivalent bonds in a straight line.
But the end N atoms will almost equally certainly
be hybridized so that the bonding o--type orbital is
more nearly p. The discussion in section (2) shows
that the difference in the two hybridizations may
affect the bond length by an additional 0.02 or 0.03
A. Such changes would be relevant to any com-
parison such as that attempted in reference (22),
between N3~ and CELNV

There is still one further way in which ionic
charges may affect bond lengths. It was suggested
by the fact, reported in reference (4b), that the cen-
tral bond (9-10) in naphthalene was predicted to be
about 0.025 A. too long by all the simple types of
approximation: and also by the conclusion of Mull-
ikenZ that the Coulomb term appropriate to an
“internal” carbon atom may differ appreciably
from that appropriate to an “external” one. This
would mean, in conventional language, that and
«10 for naphthalene differed from, and were numer-
ically smaller than, the ether a’s. A careful analy-
sis of the resulting bond changes4it4 reveals that
individually they are unlikely to exceed 0.005 A.,
and are not of the same sign. These are the
matters referred to at the end of section 1, and
which appear, at presenr, to limit the accuracy of
the bond order factor.

Conclusion

The preceding discussion has shown that all the
three factors, viz., bond order, hybridization type
and formal charge distribution, are important, and
that their importance is often, though not always,
in the sequence (1) > (2) > (3). It is not possible
at this stage to sort out these effects separately,
since normally they all occur simultaneously. In
order to improve on the analysis referred to in this
account, it would be necessary to undertake an ex-
extremely heavy amount of computation, which
would be applicable only to one particular molecule.
Perhaps what is most important is that we do have
solid ground for believing that we understand the
chief factors which are effective, and are able to es-
timate their influence with a precision comparable
with that attainable experimentally.

(22) A. Bonnemay and R. Daudel, Compt. rend., 230, 2300 (1950).

(23) R. S. Mulliken, Phys. Rev., 74, 736 (1948); J. chim. phys.., 46,
497 (1949).
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There are still one or two peculiar features, not
fully comprehended. We shall conclude by refer-
ence to one of them. It has recently been shown
by Cruickshank,2dwho refined some earlier experi-
mental work of Jeffrey, that in dibenzyl the bond
lengths of the C-C bonds which connect the two
rings have values 1523 and 1510 A. as in the
figure. These are both distinctly less than the
normal paraffinic value 1.544 A. It has been sug-

gested that hyperconjugation is responsible for
this shortening. But if by this it is implied that
structures symbolically represented by HiF=C2—
C3H 2 are effective, then the explanation can
hardly be correct, since such structures occur in
every paraffin chain, where the standard C-C length
is 1.54 A. The explanation of the shortening of the
bond CiC2seems to be that Ci is a trigonal atom and

(24) D. W. J. Cruickshank, Acta Crystall., 2, 65 (1949).
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C2a tetrahedral one, so that the analysis of section

(2) applies. The shortening is of the right order of
magnitude. The explanation of the shortening of

the central bond C2C 3is a little more complicated.

Partly it arises from the angle CiC2C3 which is

larger than tetrahedral (for steric reasons, presum-

ably) ; and this affects the hybridization ratios and

leads to a small shortening of C2ZC3and CZXCi at the

expense of the CH bonds. (These latter should

correspondingly be a little weaker.) Partly also it

may be related to the fact that if we regard diben-

zyl as derived from a paraffin chain by replacing the

alkyl groups at Ci and C4by phenyl groups, then

the greater electron affinity of the phenyl groups

will remove cr-electrons from C2and C3toward Ci

and C4 This, in turn, will increase the electron

affinity of C2and C3 and so strengthen the bond;

it will also remove electrons which are not paired

with each other away from C2and C3and therefore
reduce the repulsive forces in C2C3which always
exist between non-paired electrons.5 It seems as
if the best that we can say at the moment is that
all three effects cooperate in reducing the length of
C2C3 But further study of this and other similar
systems is clearly desirable.

(25) A. D. walsh, Trans. Faraday Soc., 43, 60 (1947);
J. Am. Chem. Soc., 70, 2140 (1948).

K. S, Pitzer,

THE SPECTRA AND DISSOCIATION ENERGIES OF THE DIATOMIC
INTERHALOGEN MOLECULES
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The analyses o' the BrF and IF emission band systems, recently observed in the bromine/fluorine and iodine/fluorine

flames, has made possible an accurate determination of the dissociation limits at 21190 *

cm.-1 for IF.

150 cm.-1 for BrF and 23570 + 300

In each case there are two possible alternative assignments for the dissociation products at these limits, and
hence two alternative values for the dissociation energies of BrF and IF to normal atoms.

The dissociation energies and force

constants for all the diatomic halogen and interhalogen molecules are compared and discussed. The chemical stability of IF
is also considered in relation to the two alternative values for its dissociation energy. Available data do not allow a conclu-

sive choice between the alternative values, but slightly favor the lower values, ZXBrF) =

+ 1.98 + 0.04 e.v.

Introduction

The reaction of fluorine with many substances is
accompanied by the appearance of a flame. As
part of a program of research on flame spectra we
have studied the spectra of a number of these flames
given by fluorine.1 Among these flames are those
with iodine and bromine. These are obtained quite
simply by impinging a small jet of fluorine gas on
the surface of either solid iodine or liquid bromine.
The emission spectra of these flames show band sys-
tems due to IF and BrF, respectively, and these
spectra have been measured and analyzed2and the
molecular constants have been derived. In the
case of IF the spectrum isnew. For BrF, the spec-
trum had been observed in absorption by Broder-
sen and Schumacher3 but the observation of the

(1) R. A. Durie, Proc. Phys. Soc., 63A, 1292 (1950).

(2) R. A. Durie, Proc. Roy. Soc. (London), A207, 388 (1951).

(3) P, H. Brodersen and H. J. Schumacher, Z. Naturf., 2a, 358
(1947).

2.16 + 0.02 e. v. and Z)(IF) =

system in emission has enabled many new bands to
be obtained and it has been found necessary to
make some modification in the vibrational analysis,
with a consequent adjustment of molecular con-
stants.

The spectra of all the diatomic halogen molecules
(except F2 and other interhalogen molecules have
been known for some time, and the new data for
BrF and IF make possible a systematic comparison
of their molecular constants. For these interhalo-
gen molecules it is possible in all cases to fix the dis-
sociation limits fairly accurately from the spectro-
scopic data, but there are two possible alternatives
for the assignment of dissociation products at the
limits, and hence we may in these cases be in doubt
as to which of two values of the dissociation ener-
gies are correct. It is our purpose here to discuss
this problem of finding the correct dissociation en-
ergies.
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The Dissociation Limits for IF and BrF

The vibrational analysis of the spectrum of IF
gives us reliable data for vibrational levels of the
excited electronic state from v' = O tov' = 11 and
we can plot the energy intervals AG(Y' + i)
against v' to obtain a graphical Birge-Sponer ex-
trapolation for the dissociation energy in the ex-
cited state. This curve isshown in Fig. la. It will
be seen that the rate of convergence of levels in-
creases with vl the dissociation energy is given by
the area beneath the curve, and it will be seen that
the extrapolated portion is a small fraction of the
total area. We obtain D' = 4615 * 300 cm.-1.
If we add to this the value for the energy of the
lowest level of the excited state above the ground
level, that is, the wave-number for the (0,0) band
of the system at 18955 cm.-1, we obtain a dissocia-
tion limit at 23570 + 300 cm.-1.

Fig. la.— Birge-Sponer extrapolations for the excited

state of IF.

Similarly for BrF we have good data for v' from
0 to 8. There is also a rather diffuse band which is
probably the (9,0) band. The extrapolation in-
cluding this slightly doubtful last point is shown in
Fig. Ib. Here the extrapolation, although made
from fewer points, is shorter and we obtain D' =
2695 + 150 cm.-1. Adding r(0,0) = 18495, we
obtain a dissociation limit at 21190 + 150 cm.-1.

The Nature of the Dissociation Products

For all the halogen atoms, the ground state is P
with the ZPa/2component the lower, and the ZPi/2
component higher; the separations for F, Cl, Br
and | are 404, 881, 3685 and 7598 cm.-1, respec-
tively. There are no other low-lying atomic states
to interest us. Thus if we denote an excited atom
in the ZPi/, state with an asterisk (*), for a mole-
cule XY we have in general four possible pairs of
dissociation products, X + Y, X + Y* X* + Y
and X* + Y*,

For 12 Br2and Clj the main band systems have
been shown to be due to transitions between an ex-
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Fig. Ib.—Birge-Sponer extrapolations for the excited
state of BrF.

cited 310 state and the ground 1S+ state. For 12

and Br2, weak systems from an excited 3li state are
also known. For the interhalogen molecules the
correlations between molecular states and atomic
dissociation products will be different, and there is
the possibility of other transitions, such as 1S+ —»
1S+, but it has generally been assumed that the
upper states of the known systems are again
and *lli. For a discussion of the correlations see
Mulliken,4Brown and Gibson5and Gaydon.6

For BrF the rotational structure of the absorp-
tion bands has been examined by Brodersen and
Schumacher7; only single P and R branches are
found, and the transition has been assumed to be
from 3’]010 the ground state. For IF we have not
been able to make a full rotational analysis, but we
have examined the structure under fairly large dis-
persion and again it is clear that there are only P
and R branches; the transition is therefore again
either —> XS+ or possibly an ordinary 1S+
—» IZ+ transition.

Now if we compare the band systems of the inter-
halogen molecules which arise from the presumed

states, we find that the upper vibrational levels

of the excited state of C1F, IC1 and IBr are pre-
dissociated582 Hence we cannot correlate their con-
vergence limits with unexcited atoms. Similarly
the (9,0) band of BrF appears diffuse, and this ef-
fect is probably due to predissociation. It there-
fore seems that we cannot assign the dissociation
limits which we have derived for BrF and IF with
dissociation to unexcited atoms. Since there are
several lower states of 0+ type, it also seems that
we should not correlate these limits with the 0+
state arising from two excited atoms.

(4) R. S. Mulliken, Phys. Rev., 37, 1412 (1931).

(5) W. G. Brown and G. E. Gibson, ibid., 40, 529 (1932).

(6) A. G. Gaydon, “Dissociation Energies,” 1947.

(7) P.11.Brodersen and H, J. Schumacher, Ann. Asoc. quim. argent.,
38, 52 (1950).

(8) A. L. Wahrhaftig, J. Chem Phys., 10, 248 (1942).

(9) W. G. Brown, Phys. Rev., 42, 355 (1932).
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It therefore seems fairly certain that we should
correlate the dissociation limits with one excited
atom and one normal atom. Thus for IF we have
the possibilities | + F* and I* + F. For BrF we
may have Br + F* or Br* + F.

For IBr and ICI we also have systems of type
dli — 12+, and these appear to give convergence
limits to normal products while the 3G states
converge to normal | and CI* or Br*, this being sup-
ported by some thermochemical data on the disso-
ciation energies.011l Brodersen and Schumacher?7
assumed a similar type of correlation for BrF, but
if we do the same for IF we get a very high dissocia-
tion energy of 23570 — 404 cm.~1= 23166 cm.-1 or
2.87 e.w. This is very much higher than Z>(12
which is 1.54 e.v. or Z>(F2 whose value is still the
subject of some controversy but may be 1.8 e.v. and
is certainly well below 2.87. We thus feel far from
sure that we should take the higher of the values
for the dissociation energies for IF and BrF. We
propose therefore to make a systematic comparison
of force constants and dissociation energies, and
then to discuss the chemical stability of IF.

Comparison of Force Constants and Dissociation
Energies

For IF we have either 2.87 or 198 * 0.04
e.v. for the dissociation energy, according to
whether we assume the products are | + F* or F
+ I*. For BrF we have either 2.58 or 2.17 ac-
cording to whether the F or Br atom is excited.
For C1F we may use the known convergence limit
to give either 2.62 or 2.56 e.v. for the dissociation
energy according to whether the F or the Cl atom
is excited. In Table | we have collected values of
the force constant k for the halogen molecules using
data collected by Herzberg2and our values for BrF
and IF. k = 4nx2xoe2 where c is the velocity of
light, p the reduced mass in g. and aethe vibrational

frequency in cm.-1 for the ground state. We have
Table |
D issociation Energies and Force Constants for
H alogens and Interhalogen Compounds
3 Do. Do/k, Do/k.
dynes X 10a e.v. high D low t>
F. 4.46 ?1.8 0.40 0.40
C1F 4.56 2.62 or 2.56 57 .56
BrF 4.10 2.58 or 2.17 .63 53
IF 3.64 2.87 or 1.98 .79 .54
GIF 4.56 2.62 or 2.56 57 .56
Ci2 3.28 2.47 .75 .75
CIBr 2.68 2.26 (T.C.) .84 .84
cil 2.38 2.15 .90 .90
BrF 4.10 2.58 or 2.17 .63 .53
BrCl 2.68 2.26 (T.C.) .84 .84
Br. 2.46 1.97 .80 .80
Brl 2.19 1.82 .83 .83
IF 3.64 2.87 or 1.98 .79 .54
ICI 2.38 2.15 .90 .90
IBr 2.19 1.82 .83 .83
1, 1.72 1.54 .90 .90

(10) G.E. Gibson and H. C. Ramsperger, Phys. Rev,, 30, 598 (1927).

(11) J. MeMorris and D. M. Yost, J. Am. Chem. Soc., 53, 2625
(1931).

(12) G. Herzberg, “The Spectra of Diatomic Molecules,”” 2nd Edit.,
1950.
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also given the dissociation energies, with alterna-
tive values where there is doubt, and the ratio of
dissociation energy to force constant for both the
high and low alternatives for the dissociation en-
ergy. Values of dissociation energy followed by
T.C. are based on thermochemical data, and may be
less precise than the spectroscopic values.

The comparison of values of D/k may be made in
various ways. It seems possible to use the data to
argue either for the high or low dissociation ener-
gies. The high energies seem to give more nearly
constant ratios for the bromides and iodides, but a
more smooth trend for the fluorides. The low en-
ergies give more constant values throughout, except
in all cases for the much lower ratio for the fluoride.
For the three heavier members of the bromide and
iodide groups D/k seems constant, and if this simi-
larity were to hold for the three heavier members of
the fluoride group, this would favor the low disso-
ciation energies. For the three heavier members of
the chloride group, however, the ratio is not con-
stant, and if the trend to change smoothly increases
as we go to fluorides, then the comparison may fa-
vor the high dissociation energies.

The Chemical Stability of IF

All the diatomic interhalogen compounds except
IF can be obtained chemically. Davy and Gay
Lussac discovered ICI as far back as 1824 and Bal-
ard prepared IBr in 1826. The existence of IBr
was confirmed by Yost,13 GIF was isolated by Ruff
and Ascher4 and BrF by Ruff and Braida.®6
There does not, however, appear to be any record
of the preparation of IF. Vapor pressure measure-
ments by Ruff and Braidal6 on iodine penta- and
heptafluorides mixed with iodine led them to con-
clude that it was unlikely that any lower compound
of iodine and fluorine existed.

If we take the high value of 2.87 e.v. (or 66 kcal./
mole) for the dissociation energy of IF, then this
molecule should be very stable and despite the exist-
ence of IF5and IF7we should expect it to occur in
appreciable concentration in mixtures containing ex-
cess iodine.  For the lower value of the dissociation
energy, 1.98 e.v. or 46 kcal., it seems more reason-
able that IF should not be detected chemically.
For a full discussion of this aspect it would be nec-
essary to calculate the equilibrium constants, but
here it may suffice to point out that from the known
datal7 for the heat of formation of IF5we obtain
the following heats of reaction

512+ 5F2 = 41. + 21F5+ 167 kcal.
51. + 5F2 = 10IF + either 275 kcal. or 70 kcal.

Obviously if we take the high dissociation energy for
IF, giving 275 kcal. for the heat release in the above
reaction, we should expect IF to exist in large con-
centrations, whereas with the low value for the dis-
sociation energy, the reaction would be expected to
go to IF6rather than to IF. Thus if we are forced
to choose between the two values of the dissociation
energy of IF, the failure to detect IF in mixtures of
M. Yost, Z. phyaik. Chem., 153, 143 (1931).

(14) O. Ruffand E. Ascher, Z. anorg. Chem., 176, 258 (1928).

(15) 0. Ruffand A. Braida, ibid., 214, 81 (1933).

o
(16) O. Ruff and A. Braida, ibid., 220, 43 (1934).
(17) A. A. Woolf, J. Chem. Soc., 2-31 (1951).

(13) D.
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iodine with IF5and IF7 must tje taken as strong
evidence agahist the high dissociation energy and in
favor of 1.98 e.v.

For the two possible values of 2)(IF), either 2.87
or 198 e.v., the systematic comparison of force
constants and dissociation energies is not very help-
ful, perhaps slightly favoring the high value. The
chemical evidence that IF does not exist in appre-
ciable concentration is, however, strong evidence in
favor of the lower value.

If we accept the lower value for IF, then by
analogy we should favor the lower values for BrF and
C1F. In the case of C1F the change is not appre-
ciable, but such as it is it would cause a further low-
ering in the value of 2)(F2 if we accept a value for
this constant based on 2)(GIF) and the heat of
formation of C1F.

It may be necessary to make some slight reserva-
tions to these conclusions. To begin with, the ap-
parent convergence limits of the vibrational levels
of the excited states may not coincide exactly with
the dissociation limits if there are potential max-
ima. It seems quite likely from the work of Brown
and Gibson6 that such potential maxima exist.
Such maxima are, however, small, at the most a
few hundred cm.“1and would not alter the main
conclusions and would only affect the result slightly.
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We must also take into account the possibility of
the correlations between the excited electronic
states of the molecules and the atomic products
varying from molecule to molecule. For the homo-
nuclear molecules, it seems certain that the excited
states are 310‘, but for the heteronuclear mole-
cules the excited state might be an ordinary '2+;
it is possible that for the heavier molecules contain-
ing | we are near Hund'’s case c coupling and that
the upper states are O+ derived from 31, but that
for the lighter molecules nearer Hund'’s case b the
transition from 31 to the ground 12 + is forbidden
and the upper state for these molecules is the
+.

Another possible way o: getting at the dissocia-
tion energy would be by a Birge-Sponer extrapola-
tion for the ground state. Unfortunately the ex-
trapolation is so long that it carries little weight.
For IF a very long linear extrapolation would
give 2)(IF) = 3.5 e.v., but it is known6that these
extrapolations tend to come high, especially for
heavy molecules, and while the result probably
favors the higher dissociation energy, it carries
negligible weight.

Further work to confirm the chemical instability
of IF seems the most promising way to settle the
dissociation energies of this group of molecules.

RELATIONS BETWEEN LENGTH AND REACTIVITY
HALOGEN BONDS1

IN SOME CARBON-

By A. Gilchrist and L. E. Stjtton
Physical Chemistry Laboratory, Oxford. University, England
Received December 26, 1961

In recent discussions of reactivity of carbon-halogen bonds, and in particular of their dissociation energies, emphasis has
tended to shift from the unperturbed state to the transition state. It is of interest, therefore, to find that for the methyl
halides and acetyl halides there is an inverse linear relation between bond length and dissociation energy; and that an inverse
relation between the mean bond energy and the square of the bond length applies to these compounds and several other
organic halides.2 Such relations indicate that the characteristics of the transition state are to some extent shown in the un-

perturbed state.

to give dissociation energy/bond length lines parallel to the original one.

As a result of examining the structures of the
acetyl halides by the electron diffraction method
for vapors, Allen and Sutton2found two relations
between the lengths of the carbon-halogen bonds
and bond energy quantities.

First, they showed that the mean bond energies,
derived using C-C bond energies corrected for bond
length by a relation of the type proposed by Gordy,3
ie, HJ, X —Y) = al~-AX —Y) + /3 themselves
fall on a curve obeying this relation. The points
for the acetyl halides and for a number of fluorides,
chlorides, bromides and iodides all fall, in fact, on a
common curve

.Ha(C-Hal) = 250 X 1“ZC-Hal) - 4 1)
77abeing in kcal./mole and lin A.
This observation shows that there is a simple

(1) Presented at the Symposium or: Bond Strengths, New York,
N. Y., September, 1951.
(2) Allen and sutton, Trans. Faraday Soc., 47, 236 (1951).

(3) Gordy, J. Chem. Rhys., 15, 305 ( 947).

It is unlikely that so simple a state of affairs holds very widely.

Other series of halides are in fact found
An explanation of these facts is offered.

relation between the length and the energy content
assignable to a particular bond in a molecule when
this latter is formed by simultaneous coalescence of
all the atoms. It is not an obvious inference, how-
ever, that there will be any simple relation between
the length of a bond in a polyatomic molecule and
the energy required to break it, and it alone; be-
cause this energy is a function not only of the bond
itself but also of the molecule of which it is part,
and of the radical which is formed by dissociation.4
If the molecule as a whole is stabilized, relative to
some reference state, e.g., by resonance (alias me-
somerism or bond delocalization), or is in some way
destabilized, then as dissociation proceeds this en-
ergy term becomes zero: in the former case it would
increase the energy required to break the bond, in
the latter case it would decrease it. Furthermore,
the radical which is formed may be stabilized,
again, e.g., by resonance, or it may be destabilized,

(4) szware, ibid., 18, 1660 (1950);
Soc. (London), A187, 337 (1946).

Long and Norrish, Proc. Roy.
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in a way that the molecule itself is not, and this
energy would reach its limiting value as dissociation
proceeds; so in the first case it would decrease the
energy required to break the bond and in the latter
case it would increase it.

Despite this unfavorable prognostication, Allen
and Sutton found that a very simple linear relation
holds between the length and the dissociation ener-
gies5for the carbon-halogen bonds in three methyl
halides (that for the fluoride has not been reported)
and the four acetyl halides (see Fig. 1), viz.

D(C-llal) = 213 - 76 X Z(C-Hal) )

A relation of the inverse square type used above
between //aand / has also been tried, but the point
for acetyl fluoride, which is removed somewhat
from the others, fits less well on this than on the lin-
ear relation.

Bond length (A.).

Fig. 1.— Dissociation energy/bond length curves for
carbon-halogen bonds. The abbreviations (e.d.) and
(m.w.) mean, respectively, from electron diffraction meas-
urements and from micro-wave measurements. The broken
line through the points for the allyl compounds is the best
one parallel to that for the methyl and acetyl ones, while
the dashed line is the best line through them. The circles
denote probable error in bond length.

The relations given previously between dissocia-
tion energy and other energy quantities may be ex-
pressed by the equation

D A (Rr - Rm) )

wherein D is the observed dissociation energy, RT
is the stabilization energy of the radical, Rm that
of the molecule savefor that portion of the stabiliza-
tion energy which may be regarded as belonging to
the bond which is to be broken. DO0may thus be
regarded as the “intrinsic energy” of this bond, i.e.
as the energy which would be needed to break it if
the reorganization energy, Rr — Rm were zero.
As defined above, it includes part of the stabiliza-
tion or destabilization energy of the whole molecule;
therefore it is not a constant characteristic only of
the type of bond, e.g., it would not be the same for
all C-Br bonds; it depends upon its molecular en-
vironment. There might therefore be some con-
nection between this quantity which is a character-
istic of the unperturbed bond, and the bond length.

(5) Roberts and Skinner, Trans. Faraday Soc., 45,
carson and Skinner, J. Chem. Soc., 936 (1949).

339 (1949);
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From equation (3)<it follows, however, that D can
be put equal to Doonly if Rv= Rm

It is difficult to imagine a molecule for which this
condition actually holds, or to suggest how we
should know if it did hold. Szwarc4has suggested
that the methyl compound might be taken as a
standard of reference in such considerations. Rr —
Rm need not be zero for the methyl compounds.
It is at least likely to be small; and if it is not zero,
this means merely that the true zero line is dis-
placed vertically and parallel to that for the methyl
compounds (vide infra).

Having this in mind, the present authors suggest
that the linear relation described above means that
the bond length provides a measure of Do of the
type DO = « — \1 which is common for the bonds
from carbon to all four of the halogens, and that the
value of RT— Rmfor acetyl compounds is accident-
ally the same as that for methyl compounds.6
The first of these two assumptions embraces the
more limited one that Do for a particular carbon-
halogen bond is composed of a constant term and a
variable one which represents the effect of, e.g.,
resonance stabilization on that bond alone, and
which is related to the difference between the ac-
tual bond length and that of the reference bond to
which the constant energy term also relates.

If these assumptions be granted, it would be pre-
dicted that for instances where RT > Rmthe points
would fall below the curve to equation (2), and con-
versely. In general, then, carbon-halogen bonds
will not fit equation (2): but it might be expected
that Rr — Rmwould be roughly constant for the se-
ries of halides of anyone radical, so that all the points
for such a series would be displaced vertically by an
equal amount from the line to the equation, i.e., will
lie on a line parallel to this latter. This is indeed the
case for the allyl halides7 and the Z-butyl halides
according to determinations of carbon-halogen
bond lengths therein by one of the authors and Mr.
H. ,T M. Bowen (see Fig. 1). The displacements
correspond to RT— Rm = 16 and 6 keal., respec-
tively. The former is somewhat smaller than the
radical stabilization ascribed by taking Rr — Rm =
mD(CH3Hal) — D(R-Hal); because some allow-
ance has been made in it for the destabilization of
the unperturbed carbon-halogen bond in allyl hal-
ides relative to methyl halides.

It appears that the point for the carbon-chlorine
bond in vinyl chloride lies on or very near to the
line to equation (2); so here again Rr—Rm= 0 or,
more precisely, is the same as for methyl com-
pounds. If this be true, the greater dissociation
energy for this compound is to be regarded as a func-
tion of the carbon-halogen bond itself in this com-
pound. The same is true of chlorobenzene. These
are unexpected results.

The point for cyanogen chloride lies above the
line; so in this case Rm > Rr, according to these ar-
guments, which is plausible because of the possibil-
ity of there being two generalized x-bonds in the

(6) Allen and Sutton (ref. 2) had reached the same conclusion from a
different argument.

(7) The best straight line through the points for the allyl compound
is not quite parallel to that for the methyl compounds, but is inclined

to it in such a way as to signify that Rr — Rmdecreases numerically
in the order CI, Br, I.
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molecule which are not possible in the radical.
The same is tine for cyanogen iodide.

The treatment outlined above may make pos-
sible a better assessment of the relative parts played
by the bond itself and by effects characteristic of
the molecule as a whole or of the radical, in deter-
mining dissociation energies.

The simplicity of the relation between DOand | is
surprising: it is unlikely to be accidental. If we
assume, as above, that Rr — Rm s the same for
acetyl compounds as for methyl ones, then some such
explanation as the following seems to be required.

The potential energy/bond length curve for any
bond arises by the superimposition of curves show-
ing, respectively, the variation of attraction energy
and of repulsion energy with internuclear distance.
The latter generally varies with a much higher in-
verse power of the distance than does the former.

If now we assume (a) that, over the range of in-
ternuclear distance which covers all carbon-halogen
bonds, there is one linear attraction curve common to
all four halogens, and (b) that the repulsion curves
between carbon and the several halogens have the
same form and differ merely by their lateral dis-
placement, then the observed relation follows; for
as may be seen from Fig. 2 the minima lie on a
straight line (the broken line) parallel to the at-
traction curve (the inversion is due merely to the
different sign conventions for D and V).

The assumptions are possibly rather more re-
strictive than is necessary, e.g., it would be sufficient
if the repulsion curves were geometrically similar.

Potential Barriers Restricting Inversion in NH3 AsH3and PH,
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Fig. 2.— Hypothetical potential energy/distance relations
for carbon-halogen bonds.

Further, if Rr — Rmwere not the same for acetyl
compounds as for methyl ones, so that the Do
values for the carbon-halogen bonds therein really
lie off the line for those cf the bonds in the methyl
compounds, then it might lie that the curves of DO
against | for the individual halogens do not form a
common straight line but lie on four parallel straight
lines: in this case the attraction curves for the sev-
eral halogens could also form a set of parallel
straight lines, which would have to be such that the
lateral displacements between them are in the same
ratio as those of the repulsion curves.

In any case, the degree of regularity in the re-
lations between the energy curves for the different
halogen-carbon bonds seems surprisingly high.

A METHOD OF DETERMINING THE POTENTIAL BARRIERS RESTRICT-
ING INVERSION IN AMMONIA, PHOSPHINE AND ARSINE FROM
VIBRATIONAL FORCE CONSTANTS

By C. C. Costain and G. B. B. M. Sutherland
Department of Plnjsics, University of Michigan, Ann Arbor, Michigan

Received December 26, 1951

The height of the potential barrier restricting inversion in the ammonia molecule has been determined by several investi-
gators using data on the hyperfine splitting of certain lines in the infrared and micro-wave spectra of that molecule. None
of these methods can be applied to phosphine and arsine, since no corresponding experimental data are available. By assum-
ing that the ammonia molecule can be inverted by gradually increasing the amplitude of the symmetrical deformation vibra-
tion, the force constants controlling this vibration can be used to plot a parabolic potential o: the form V = A (Aa)-on either
side of the planar configuration. For ammonia, the resulting calculated barrier height agrees very closely with that derived
from inversion splittings in the spectrum by the Manning potential function, viz., 2070 cm.-1 (5.9 kcal./mole). This indi-
cates that a similar method can be applied to phosphine and arsine and when this is done the corresponding barrier heights
are computed to be close to 6000 cm.-1 (17.1 kcal./mole) and 11,200 cm.-1 (32.1 kcal./mole). Such values are consistent
with the absence of inversion splittings in the infrared spectra of phosphine and arsine. .The implications of these results in

the stereochemistry of trivalent derivatives of ammonia, phosphine and arsine are briefly discussed.

Analyses of the infrared spectra of ammonia,
phosphine and arsine prove conclusively that these
molecules all possess a pyramidal configuration.l
In the case of ammonia, the dimensions of the pyra-
mid can be deduced with great accuracy from the
observed values of the moments of inertia of NH3
and ND3 but in addition a doubling of all the lines
in certain of the absorption bands makes it possible
to estimatel2the height of the potential barrier re-

(1) G. llerzberg, "Infra Red and Raman Spectra,” D. Van Noatrand
Co., Inc., New York, N. Y., 1945

(2 D. M. Dennison and G. K 1Jhlenbeck, i~iys
(1932).

41, 312
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stricting inversion as 2100 + 50 cm.-1 or 6000 *
200 cal./mole. Early analyses of the infrared spec-
trum of phosphine indicated a similar doubling of
the Q branch in an absorption band at 10 p, from
which it was deduced3that the height of the barrier
in phosphine was approximately the same as that
in ammonia. No doubling has been observed in
the infrared spectrum of arsine but it can be simi-
larly deduced3 that if the inversion potential for
arsine is also about 6000 cal./mole, the resultant

(3) G. IE IE M. Sutherland, E. Lee and C. K. WU, Trans. Faraday

Soc., 35, 1373 (1939).
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splitting of the spectral lines would be much too
small to be observed. However it has recently
been shown4that the apparent doubling of the IGu
Q branch in phosphine is probably spurious, arising
from an accidental conglomeration of rotation lines
and thus no inversion doubling is observed in either
phosphine or arsine. The previous estimates of
the barrier heights in phosphine and arsine must
therefore be discarded and some other method
sought for evaluating the heights of these barriers
from spectroscopic data. In the present paper a
method is suggested based on vibrational force
constants, which is shown to yield excellent results
for ammonia and may therefore be assumed to give
a reasonable first approximation to the true values
in phosphine and arsine.

The basic assumption underlying this method is
that the simplest way for a pyramidal XY 3molecule
to invert is through the motion associated with the
symmetrical deformation vibration, in which the
apical angle of the pyramid opens symmetrically,
accompanied by a minor symmetrical change in the
XY bond lengths. For such a vibration, the simple
valency force field gives as the potential energy

V = | Kt(Al)y + \ Kt(Aa)2 (1)
where Al is the change in each bond length XY, and
Aa is the change in each bond angle YXY. The
values of the force constants K, and Ki may be de-
duced from the spectroscopic data. However it is
possible to derive a relation between the Al and Aa
displacements for this vibration so that the poten-
tial energy may then be written formally as

F(a) = A(Aa)2 @)

where A can be computed. As the molecule in-
verts a passes through a maximum value of 120° in
the planar configuration. Thus (Aa)mex is known
and the height of the potential barrier is taken to be
equal to the change in Fas a goes from the equilib-
rium value to 120°. The procedure will now be
described in detail for ammonia.

Ammonia.— It is first necessary to obtain values
for the force constants A/ and Ks. We use the
normal frequencies (i = 3589 cmvl g2 = 1055
cm._1) corrected for anharmonicity6instead of the
observed fundamentals (in = 3337 cm.-1, V¥ = 950
cm.-1), since the former will give more accurate
figures for our assumption of a pure harmonic po-
tential. The equations connecting the frequencies,
force constants and molecular constants are well
known,1viz.

AM20i]2 - g2)m = A f1+ N'IUIIj cos20 4
ks 12 cos2R3 i3am .o, .,
21 +3 cos20) 1+ m SIn 0) ©)

kiks 12 cos28
12 (1 + 3cos20) (> +

167Ti0)120)2 (4)
where m and M are, respectively, the masses of the
hydrogen and nitrogen atoms, while /5 is the angle
between the symmetry axis and any bond and Il is as
defined in (1). The values so obtained are Ah =

721 X 105dynes/cm. and K«/12 = 0.474 X 105

(4) H. H. Nielsen, Faraday Society Discussions, 9, 85 (1950).
(5) D. M. Dennison, Rev. Modern Rhys., 12, 175 (1040).
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dynes/cm. and equation (1) may be rewritten as

T =2 X721 X JO (AN)2+ | X 0.4742AA«)2 (la)

Now we may choose symmetry coordinatesl »S,
S2to describe on and g2such that

Al = pSi —sSi

and
, - v/icos Os ,
Ap = —_ 7£1
a t
| COS - COoSs 7,
vhere
3m . 3m ., ,
p= grcos20- 1, r = sinf0+ 1

2M

S = sin 0 cos O
Furthermore it may be shown' that in the vibra-
tion 02 which we assume governs the inversion

Si:Si = 0.1477:1.0

in the particular case of NH3and this ratio may
readily be computed for phosphine and arsine from
a similar analysis of their vibration spectra. As-
suming the following values for the dimensional
constants of the NH3molecule5

I = 1.014 X 10-* cm., « =2 100°40"

and remembering that in such a molecule
sm 8 = —%: sin ‘?
v 3 z

we may now rewrite (la) as

V(a) = 3.89 X 10‘(A«)2cm.“1 (2a)

We assume now that this parabolic potential may
be used to evaluate the change in energy as a
goes from the equilibrium value of 106°46' to the
planar value of 120°, viz., a change of 0.231 radian.
The resulting value obtained for the height of the
barrier restricting inversion is

VvV =

2077 cm.-1 = 0005 cal./mole

The corresponding values obtained from the
doubling phenomenon by various workers are
assembled in Table I.

Tabte |

Inversion Potential Barrier (in cm._i) in Ammonia

Dennison and Uhlenbeck2 1770
Morse and Rosen6 1950-2100
Wall and Glockler7 3314
Manning8 2070

The best of these is undoubtedly that given by
Manning who had to use no approximations and
was able to use eleven experimental values of energy
levels to solve the wave equation. The almost
exact agreement of our value with that of Manning
is of course fortuitous. More important is the
fact that if we transform our potential function so
that the energy is plotted as a function of the height
of the ammonia pyramid (h), the shape of
Manning'’s whole curve is very accurately followed
(Fig. 1). Our original function is a double parabola
but it should be noted that the oscillations are not-
(6) N. Rosen and P. M. Morse, Phys. Rev., 42, 210 (1932).

(7) F. T. Wall and G. Glockler, J. Chem. Phys., 5, 314 (1937).
(8) M. F. Manning, ibid., 3, 136 (1935).
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Fig. 1.— Inversion potential for ammonia as a function of
the distance, h, of the nitrogen atom from the plane of the
hydrogen atoms. Full curve calculated from vibrational
data; dots indicate values of Manning’s function.

necessarily exactly harmonic since the reduced mass
is changing point by point. The transformation
of v(a) to v(n) is done by using geometrical rela-
tions, e.g.

cos2~ = 7 (I + 3 cos2fi)
z 4

giving cos a = ’:!'(3 cos%?,— i) = %{3_/|2 - fl
This may be used directly although a series expan-
sion is more accurate near the planar position.

As the final and possibly most critical test of our
potential curve we may compute from it the split-
tings of the energy levels in the ground and first
vibrational states. The results shown in Table II.
are the splittings which give rise to the doubling
phenomenon.

Tabte |l

Splitting, .

incm. -1 Calcd. Obsd. Planning
Ground state, A0 0.789 0.7935 0.83
First vibrational state, Ai 30 6 35.8 26.0

Thus wusing only data from vibration fre-
guencies and ignoring doubling we have obtained
a potential function which is comparable to
the best derived from the observation of in-
version splitting in respect of (a) height of
barrier: (b) general shape; (e) prediction of the
observed doublet fine structure. We can therefore
proceed to apply the method to phosphine and
arsine with some degree of confidence that the
results must give a reasonably correct picture of the
situation there, although one must remember that
since the height of the pyramid is now considerably
greater than in ammonia, the change in bond
angle in going through the planar configuration

Potential Barriers Restricting Inversion in NHa AsH3and PH,
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will be appreciably larger and the assumption of
purely harmonic forces will be less justifiable.
Phosphine.—Here the observed frequencies'
vi = 2327 cm.-1 and V2 = 991 cm." 1must be used
as the normal frequencies have not yet been deter-
mined. These yield Kx = 3.32 X 105dynes/cm.
and K«/Ia = 0.33 X 106 dyne/cm. Taking P-H
= 146 A. and h = 0.67 A.3 the height of the
barrier is computed to be 6085 cm.-1 or 17,450
cal./mole. The shape of the potential barrier is
shown in Fig. 2. The calculated doublet separa-

Fig. 2.— Inversion potential for XH3 PH3 and AsH3 as a
function of the height of the molecule, h.

tions in the ground state and the first, fourth and
fifth vibrational levels come out as

A0 = 4.76 X 10“4cm.-1
Ai = 2.38 X 10"4cm .-1
A = 9 X 10_lcm.-1
As = 33.2 cm.“1

There might be a possibility of observing Adat very
great path lengths and thus obtaining a confirma-
tion of this method of approach.

Arsine.—Here the values of the normal frequen-
cies are known9to be on = 2209 cm.-1 and =
973.9 cm.“1giving A/ = 2.865 X 10“5dyne/cm.

and ; = 0.258 X 10“5 dyne/cm. Using the

values of the moments of inertia of AsH3 and
AsD 3given by Nielsen and McConaghie9we obtain
AsAH = 1523 A. and h = 0.856 A. These values
differ somewhat from the dimensions computed by
Nielsen and McConaghie, which appear to be
slightly in error. The height of the barrier comes
out to be 11,220 cm.-1 or 32,090 cal./mole. The
shape of the curve is shown in Fig. 2. The doublet
splittings are immeasurably small, e.g., AO= 3.7 X
10“Bcm.-1 and Ai = 0.6 X 10"6cm."1l so no
experimental confirmation is possible in this case.

(9) V.M. McConaghie and H. li. Nielsen, Phys. Rev., 75, 633 (1949).
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Optically Active Derivatives of Phosphine and
Arsine.—The time of inversion r is very simply
related to the splitting in the ground state AO by
the equation r = 1/2AQC, where AOis in cm.-1 and
c is the velocity of light. For instance in NH3
this time is 2.5 X 10~u sec. and is accepted as the
reason that no optically active dérivates of trivalent
nitrogen have ever been made. The corresponding
times for PH3and AsH3come out to be 2.3 X 10 e

San-ichiro Mizushima, Y onezo M orino and Takehiko Shimanouchi
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sec. and 1.4 years. For AsD3the time is however

3.5 X 107years, the inversion time being very sensi-
tive to the masses of the atoms attached to the

apical atom. Thus one might expect optical activ-

ity associated with trivalent arsenic. Evidence

for this has been given by Lesslie and TurnerD
and Chatt and Mannil

(10) M. J. Lesslie and E, E. Turner, J. Chem. Soc., 1170 (1934);
1051, 1268 (1935); 730 (1936).
(11) J. Chatt and F. G. Mann, ibid., 1184 (1940).

SOME PROBLEMS OF INTERNAL ROTATION

By San-ichiro Mizushima, Y onezo Morino and Takehiko Shimanouchi

Chemical Laboratory, Faculty of Science, Tokyo University, Hongo, Tokyo, Japan
Received December 26, 1951

We have studied by the infrared, Raman, dielectric and electron diffraction investigations the structure of many molecules

with regard to the internal rotation about the C-C axis.

By comparing the experimental results obtained for molecules

with various rotating groups (XH2C-CH2, XH2C-COY, XOO-COX, X(CH,)2C-C(CH,),X, X -C X5and X RSi-SiX3where
X and Y denote Cl, Br, OH and CH3) we arrived at the following conclusions concerning the nature of the hindering potential

for the internal rotation.

If there is no appreciable double bond character in C-C bond, the steric force between atoms

contained in different movable groups plays the most important role in determining the main feature of the potential curve:
e.g., the positions of potential minima, corresponding to the stable configurations and the positions of potential maxima or of

the potential barrier.

The stable molecular configurations determined by this force would not be greatly changed by other

conceivable forces as electrostatic force, hydrogen bond, etc., which would only affect such a quantity as the energy difference

between the stable configurations.

The intermolecular forces w-hich are responsible for the change in equilibrium ratio of

stable configurations cannot also change the main feature determined by the steric force.

Based on the experimental results of Raman
effect,)2 infrared absorption,3 dielectric constantl)4
and electron diffraction6 we have determined the
stable configurations of rotational isomers which
differ from one another in azimuthal angle of in-
ternal rotation about single bonds as axes. Some
of the experimental results so far obtained in our
laboratory are summarized in Table 1.6

We believe that our conclusion for the configura-
tions of these molecules is very sound, since we
have applied various experimental methods as
stated above. We shall now discuss several
problems of internal rotation, especially those con-
cerning the nature of the hindering potential based
on these experimental data. Although this poten-
tial has been discussed theoretically by several

(1) Mizushima, Morino and Higasi, Physik. Z., 35, 905 (1934); Set.
Pap. Inst. Phys. Chem, Res. Tokyo, 25, 159 (1934); Mizushima, Morino
and Nojiri, Nature, 137, 945 (1936);
Physik. Z., 38, 459 (1937).

(2) Mizushima, Morino, Watanabe, Shimanouchi and others,
Set. Pap. Inst. Phys. Chem. Res. Tokyo, 39, 387, 396 (1942); 40, 87,
100 (1942); 42, 1,5 27 (1944); J. Chem. Phys., 18, 754, 1516 (1950);
Mizushima, Morino and Takeda, ibid., 9, 826 (1941); Mizushima,
Morino, Watanabe, and Yamaguchi, ibid.,, 17, s91
(1949); Katayama, Shimanouchi, Morino and Mizushima, ibid., 18,
506 (1950).

(3) Shimanouchi, Tsuruta and Mizushima, Set. Pap. Inst. Phys.
Chem. Res. Tokyo, 42. 51 (1946); Mizushima, Morino,
and Kuratani, J. Chem. Phys., 17, 838 (1949).

(4) Watanabe, Mizushima and Morino, Sci. Pap. Inst. Phys. Chem.
Res. Tokyo, 39, 401 (1942);
ibid., 40, 425 (1943).

(5) Yamaguchi, Morino, Watanabe and Mizushima, Sci. Pap. Inst.
Phys. Chem. Res. Tokyo, 40, 417 (1943); Morino,
Mizushima, ibid., 42, 5 (1944); Morino and Iwasaki, J. Chem. Phys.,
17, 216 (1949).

(6) Similar studies have also been made by Pitzer, Glockler,
Cleveland and others and their results are

Mizushima, Morino and Kubo,

Shimanouchi

Shimanouchi

Mizushima and Mashiko,

W atanabe,

Yamaguchi and

Bern-
stein, Gwinn, Sheppard,
generally in good agreement with ours.

investigators,7 it is desirable to discuss the experi-
mental material more extensively.

The data shown in Table | confirm our previous
conclusion that the most important force in deter-
mining stable configurations of rotational isomers is
the steric repulsion between two groups rotating
against each other about a single bond as axis.
For example, the fact that the molecules of the
type of XH2Z-CH2' have rotational isomers of
the same configurations (i.e., the trans and the
gauche forms8 irrespective of the dipole moment
values of C-X and C-Y bonds reveals that the
steric repulsion is far more important than the
electrostatic force. This conclusion is also com-
patible with the experimental result that the in-
ternal rotation of C1¥—CC13 is hindered con-
siderably (the height of the potential barrier
amounting to about 10 kcal./mole), while that of
CISi-SiCl3 is almost free. In the eclipse form9
of C13C-CC13corresponding to the potential maxi-
mum of the internal rotation, the distance between
the two chlorine atoms, one contained in one C13C-
group and the other in the other group, is 2.72

A. while that of CIBi-SiCI3is 3.20 A. The fact
that such a minor difference in the interatomic dis-
tance in these two molecules results in a large differ-
ence in internal rotation suggests that the most im-
portant force must be the steric repulsion which is

(7) Glockler, Rev. Mod. Phys., 15, 112 (1943),

(8) The trans form is the configuration in which X and Y atoms of
XH2C-CHz2Y are at the farthest distance apart and the gauche form
can be obtained from the trans form by an internal rotation of about
120°.

(9) The eclipse form of CIjC-CClj is the configuration in which all
the three Cl atoms of one CIljC-group eclipse the three Cl atoms on the
other CljC-group when viewed along the C-C axis.
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Table |
Stable Configurations of Rotational Isomers
Figures in parentheses denote the energy difference between the rotational isomers in kcal./mole
Molecule Solid state Liquid state Gaseous state CCL Solution

ClH2X-CH21 trans trans trans trans

gauche (ca .0) gauche (1.2) gauche
BrH2C-CH 2Br trans trans trans trans

gauche. (0.7) gauche (1.4) gauche
CIH.C-CHZETr trans trans trans

gauche gauche
CIlIIT CH ! trans trans trans

gauche gauche
CH3XH2CH2XCH3 trans Irans trans

gauche gauche (0.8)
ch3h2chXi trans trans

gauche
hoh2-chXi gauche trans trans (0.95)

gauche gauche
CIHiC-COClI trans trans

gauche
BrH2C-COCI trans trans trans

gauche gauche (1.0)
cloc-cocli trans
Br(CH?3)2C-C(CH3)2Br trans

gauche (1.6)
CJ(CHs)ZX -C(Cli3)2CI trans
gauche (1.0)

CbC-CCl, Staggered
CBSi—SiCla Almost free rotation Almost free rotation

very sensitive to the variation of interatomic dis-
tance. (This force is inversely proportional to the
12th power of interatomic distance.)

Concerning the steric repulsion in C13-CC13
we should like to note that in the staggered form1
(or the stable form) the distance between two near-
est chlorine atoms on different mcwable groups is
almost equal to the sum of the van der Waals radii
of two chlorine atoms, while in the eclipse form this
distance becomes 2.72 A. at which there must be a
considerable repulsion. This is the most important
reason why the eclipse form corresponds to the
potential maximum of internal rotation.

In the stable configurations, therefore, the re-
pulsive potential tends to take as low value as
possible and the repulsive force may become of the
same order of magnitude as the electrostatic force,
hydrogen bonding, etc. This would be seen, for
example, from the value of the energy difference of
the rotational isomers of Br(CH32C-C(CH3aBr
(AE = 1.6 kcal./mole) which is even greater than
that of BrHZX-CHBr (AE = 14 kcal./mole).
As the CH3group has almost the same van der
Waals radius as the Br-atom, AE of Br(CH32C-
C(CH3s.Br cannot be so large, if only the steric
repulsion would contribute to the energy difference
between the rotational isomers. In such a case
we have, therefore, to consider an important con-
tribution of the electrostatic force to AE.

It is, however, evident that even in stable con-
figurations we cannot neglect the steric repulsion.
This will be seen, for example, from the difference
of AE between CIHX-CH2C1 (AE = 1.2 kcal./

(10)
the projection of one C-CIl bond upon the plane perpendicular to C-C

axis is midway between those of two C-C1l bonds in the other half of
the molecule.

The staggered form of CIsC-CCls is the configuration in which

mole) and BrHZX-CHBr (AE =1.4 kcal./mole)
shown in Table I. The contribution of electro-
static force to AE in the dichloride must be greater
than that in the dibromide, since the bond moment
of C-CI is almost equal to that of C-Br and the
induction effect in the dichloride is smaller than
that in the dibromide.ll Therefore, the fact that
AE of CIHZ-CH 21 is smaller than that of BrHZXC -
CH3Br shows that there is a considerable contribu-
tion of the steric repulsion to AE of such rotational
isomers.

It would be very interesting, if we could deter-
mine the ratio of the steric part to the electrostatic
part of the hindering potential. The value of AE
(= 0.8 kcal./mole) of w-butane may tell us the
approximate magnitude of the steric part of AE
of BrllZ2-CHBr, since n-butane is a non-polar
substance and the van der Waals radius of the
CH3group is almost equal to that of the Br-atom
as stated above.

In such a substance as C1ITC CHX2II an in-
ternal hydrogen bond is formed between the two
rotating groups. This bond lowers the energy of
the gauche form to make it more stable than the
trans form which otherwise would be always the
lower energy form in the case of molecules of the
type of XH2C-CH2Y (see Table I). However, the
internal hydrogen bond is not so strong as to shift
the gauche position up to the cis position.

In the case where the internal rotation axis ac-
quires a double bond character to a considerable
amount, the situation may become quite different
from what we have stated above. Among the

@)
fig. of the gauche molecule between the dichloride and the dibromide.

ﬁg. of CIH2C-CH2Cl was found to be 2.55 D, while ﬁg. of BrHjC-
CHaBr was 2.0 D.

This would be seen from the difference in the moment value
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substances shown in Table I CIOC-COCI provides
us with such an example. For this substance the
trans form is found to be the stable configuration,
which would not be the case, if the steric repulsion
is the predominant factor in determining the stable
configuration. The stability of the trans form in
this case is due on one hand to the single bond-
double bond resonance of the structure of 0=C —
C =0 and on the other hand to the fact that the
steric I'epulsion between two C-l-atoms is much
greater than that between Cl- and O-atoms.

Watter F. Edgkll and Thomas R. Riethof
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different configurations with the change of state.12
For example, for CIH2C-CH2ClI the gauche molecule
becomes more abundant in the liquid state than in
the gaseous state at the same temperature, while in
the solid state this molecule disappears almost
completely (see Table I). Such a change in equili-
brium ratio must be explained in terms of the inter-
molecular forces as was already discussed in our
previous papers. However, as we can see from
Table I, the intermolecular force is not so strong
as to change greatly the positions of maxima and

So far we have mainly discussed the molecularminima of the hindering potential which is deter-

configurations and their energy differences in the
free state. We have, however, often reported the
considerable change of the equilibrium ratio of

mined mainly by steric repulsion in case there
is no considerable single bond-double bond reso-
nance.

THE CALCULATION OF VIBRATIONAL FREQUENCIES OF MOLECULES

WITH MANY ATOMS AND LITTLE SYMMETRY. 1.

SIMPLE DERIVATIVES

OF SYMMETRICAL MOLECULES

By Walter F. Edgell and Thomas R. Riethof

Departrent of Chemistry, Purdue University, Lafayette, Indiana

Received December 26, 1951

The use of approximate normal coordinates is suggested as a basis for the calculation of vibrational frequencies in the more

complicated molecules.

Two basically similar methods have been proposed. The first, which takes advantage of the exist-

ence of group frequencies, has not been tested sufficiently. The second method, dealing with molecules which may be re-
garded as simple derivatives of symmetrical molecules, is tested numerically with simple examples.

Introduction

One of the most potent devices in the analysis
of vibrational spectra is the calculation of the
fundamental modes of vibration of a molecule
based on a mechanical model. All of our progress
in the correlation of observed frequencies with
types of motion of the various component elements
of structure of a molecule has its origin in such
calculations. Fundamentally the use of infrared
and Raman spectra in qualitative structural an-
alysis rests upon this base.

Because of the high order of the matrices and
determinants involved in the practical application
of the methods so far developed, such calculations
have been limited to molecules containing few atoms
and of relatively high degree of symmetry. The
extension of the methods of theoretical infrared
and Raman spectroscopy to complex molecules
depends upon the penetration of this barrier.
A tremendous wealth of information available in
spectra is as yet untapped because we do not recog-
nize its correlation with structure and environment.
There is no reason why one should not apply the
same methods to penicillin and cortisone as are now
applied to methane and ethyl alcohol.

Two fundamentally similar methods of extending
vibrational calculations to complex molecules have
been outlined recently.l They involve perturba-
tion methods based upon the use of normal co-
ordinates as a practical tool in numerical calcula-
tions. Such a use of normal coordinates has been

(1) Walter F. Edgell, Paper No. 16, Sixty First Session of the lowa
Academy of Science, Inorganic and Physical Chemistry Section, April,

1949.

neglected except in the application to the isotope
effect.23 The first and simpler method applies to
molecules which may be considered as a simple
derivative of a molecule possessing greater sym-
metry. Examples would be cyclic C4F/Cl con-
sidered as a derivative of cyclic C4F8 or C2F5CI
and CF2CICF2CI as derivatives of C2F6 and C6H5CI
as a derivative of CeHe. The second method re-
gards a complex molecule as being built up of basic
structural units such as methyl and ethyl groups,
benzene rings, etc., joined together by coupling
links. It puts the concept of group frequencies
upon a quantitative basis. While it will be rela-
tively simple in actual application, this method
requires considerable ground work including the
calculation of numerous tables for its practical use.

The present communication deals with the num-
erical test of the first method. No loss in generality
and considerable savings in labor are involved by
restricting the test to simple molecules.

Normal coordinates by definition yield a unit
matrix for the kinetic energy matrix and a diagonal
potential energy matrix whose elements are the
square of the (circular) frequencies of vibration.
Unfortunately frequencies of vibration must be
calculated first before normal coordinates can be
obtained. However it can be predicted that the
normal coordinates for a molecule like cyclic
CAF/Cl will be similar to those for the molecule
cyclic C4&s. The use of the normal coordinates of
the latter or parent molecule in setting up the ex-
pressions for the former or derivative molecule will

(2) Walter F. Edgell, J. Chem. Phys., 13, 306 (1945).
(3) lbid., 13, 539 (1945).
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result in Kinetic and potential energy matrices which
are approximately diagonal. This permits the use
of perturbation methods for obtaining the fre-
quencies. Thus, for the example just cited, the
necessity of expanding and finding the roots of a
16th order secular equation is replaced by the
multiplication of matrices of the same size. Thisis
a very much simpler (and possible) task and is
readily carried out with ordinary calculating
machines. Because of the symmetry of the parent
molecule (cyclic C48 the calculation of the basic
normal coordinates is a relatively simple matter.

The methods and hence the equations are very
similar to those already applied to the isotope
effect.3 The main difference results from the fact
that now the potential energy matrix will also con-
tain relatively small off diagonal terms.

Let the transformation to the normal coordinates
of the parent molecule be given by the expression

K= 1Q (1)

The inverse kinetic energy matrix of the derivative
molecule based upon the approximate normal

coordinates Q is L~'GL~I, where G is the corre-
sponding matrix for the coordinates R. The po-

tential energy matrix for Q will be LFL where F
is the matrix for R. The square of the (circular)
vibrational frequencies of the derivative molecule
are the roots of the matrix

H = L> GFL )

Because the off diagonal terms of H are small the
matrix can be diagonalized by perturbation methods
to a sufficient degree of accuracy. Applying an
appropriate transformation to H yields the following
expression for the i"* root of H, correct to the second

order

Numerical Test of the Method

As pointed out in the introduction no loss in
generality is involved by testing the method with
simple molecules. Methyl chloride was taken as
the parent molecule for the derivative molecules
CH3Br and CHZF. Its normal coordinates were
calculated and the H matrices for the derivative

Table I: CH:Br
Exact, Diff.,
Frequency cm. Eq. (3) %
W 295:5 2953 0
W2 1302 1302 0
w3 613 613 0
WK 3074 3074 0
whb 1452 1452 0
W 6 953 953 0
Table Il: CH3F
Exact, Dili.,
Frequency cm,_| Eq. (3) Iy<
Wi 2860 2860 0
W. 1500 1500 0
W» 1037 1037 0
\M 2978 2978 0
Ws 1484 1487 0 .20
Wo 1223 1220 0.25
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molecules were obtained from equation 2. The
frequencies were calculated by equation 3 and are
compared with an exact calculation in Tables |
and Il.

Further tests are provided by considering bromo-
form as a derivative of chloroform and CCU as the
parent molecule for CF4and CBr4. The results are
found in Tables I11-V. It should be pointed out
that equation 3 must yield exact results for Wq
and W2 of the last two molecules.

The force constants used in these calculations
were taken from the work of Noether, Linnett, and
Decius.4 =

Tabte IIl: CHBr3
Exact, Diff.,
Frequency cm.-1 Eq. (3) %
W, 3037 3037 0
W. 540 540 0
W 223 223 0
A3 1135 1132 0.26
\¥r, 645 645 0
W. 154 153 0.65
Table IV: OR
Exact, th%f
Frequency cm. 1 Eq. (3 >
W, 904 904 0
W. 437 437 0
w3 1266 1260 0
W-. 630 629 0,16
Table V: CBI4
Exact, Diff.,
Frequency cm._1 Eqg. (3) Ta
W, 269 269 0
w2 123 123 0
W, 672 672 0
w4 183 183 0
The results are uniformly excellent. It is clear

that equation 3 yields the same results as the exact
calculation for all practical purposes. This method
is being applied to the interpretation of the Raman
and infrared spectrum of cyclic C4F7CI and the re-
sults will be published in connection with that
work.

In some cases where the mass change is large,
as for example C@H& as a derivative of C8H6
several terms in the inverse kinetic energy matrix,
and hence in Il, will be relatively large. A modi-
fication is required in such cases. The offending
terms are collected into a diagonal submatrix by
reordering the rows and columns. The roots of
this submatrix (of H) are obtained by solution
of its secular equation and the results used to tians-
form 11 to the new basis coordinates so determined.
The roots, and hence the vibrational frequencies,
are obtained by applying equation 3 to the trans-
formed Il matrix. This is analogous to the use of
equation 23 of the paper on the isotope effect (3).
The restriction of the method to sim.ple derivatives
ensures that the secular equation of the offending
submatrix will never be of high order.

Similar techniques will be required when several
roots have nearly the same value.

(4) U. Noether, J. Chem. Phy»., 10, 007 (1042).

(5) J W. Linnett, ibid., 8, 91 (1940).
(6) T C. Denies, ibid., 16, 214 0948).
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PREDICTION OF ISOMERIC DIFFERENCES
PROPERTIES.1

IN PARAFFIN

By John R. Platt
Physics Department, University of Chicago, Chicago 37, Illinois
Received December 6, 1951

Parameters proposed for predicting paraffin properties are examined critically. The most important ones are: /, the sum
of first C-C neighbors of every C-C bond in the molecule; p, the number of “steric pairs” or groups on carbon atoms three
bonds apart, which is half the sum of second C-C neighbors; and w, the Wiener number, the sum of the number of bonds
between all pairs of carbon atoms in the skeleton. The variables/and p determine internal properties such as Ha, the heat
of formation of the gas at 0°K ., and R, the molar refraction; p and w determine external properties such as L, the standard
heat of vaporization, B, the boiling point, and V, the molar volume. The heat of formation of the gas at 25°, HZX requires
all three, and the same promises to be true of most other properties at room temperature. Least squares equations are
given for Ho and R and for the isomeric variance in ifzs, L, B and V. The mean deviations are close to the experimental
errors, except for the boiling points, where additional or better external parameters are needed. The interaction terms of
steric pairs— the p-coefficients— in Hi, and R can be obtained for different angles of twist about the intermediate single bond,
from data on alkyl cyclanes. They follow a (1 + cos 9) law within experimental error, showing zero interaction at the 180°
angle. The steric barrier height is about 1500 cal./mole at the 0° angle. First-neighbor alkyl substitution on a bond lowers
its contribution to Ha, produces a red shift in its first ultraviolet absorption region, and increases R. _ Steric hindrance de-
creases R; a possible explanation is that steric strain causes differential lengthening of a C-C bond in high excited states,
producing a shift of the high-frequency absorption to shorter wave lengths.

The hypothesis is proposed that the Wiener number, w, is an index of the mean external contact area of the molecule,
except for a correction for steric hindrance. This will account for the fact that w unstabilizes an isomer in the gas phase
(decreases the self-contact area and increases Hof) by almost the same amount by which it stabilizes the liquid (increases the
external contact area and L). The molar volume formula contains a large negative steric term which seems to express the

compression of steric pairs.

The isomeric paraffins are remarkably similar in
stability, bond energies and force fields. Differ-
ences in their properties are largely of geometric
origin. As a result they are well suited for the
isolation and study of geometric factors which must
be of importance for all molecules.

These properties were selected for study:

H 25 the heat of formation of the gas at 25°

R, the molecular refraction for the d lines at 20° for the air-
saturated hydrocarbon in the liquid state at one atmos-
phere

V, the molecular volume under the same conditions

B, the boiling point at the same pressure

Later two more were added:

Ho, the heat of formation of the gas at 0°K..
L, the standard heat of vaporization at 25°

The most elaborate, systematic and successful
formulations of these properties in the literature
seem to be those of Taylor, Pignocco and Rossini,2
Wiener,3 and Platt.4 The Appendix defines the
parameters in these formulations and gives the
constants and mean deviations of some of the least-
squares solutions through the octanes (Tables |
and I1).

Wiener Formulas

The great success of the Wiener 2-constant equa-
tions for all the properties is immediately evident.
They are almost as accurate as 5- and 6-constant
equations involving other parameters.

Let us consider the Wiener variables.

The importance and physical significance of one of his
parameters, p, is easy to see. This is the number of pairs
of carbon atoms three bonds apart in the hydrocarbon. It
accounts alone for 80% of the isomeric variance in R and

(1) Previously given in part at The Ohio State University Sympos-
ium on Molecular Structure and Spectroscopy, Columbus, Ohio, June
11, 1947.

(2) w.J.Taylor,J. M. Pignocco and F. D. Rossini, J. Research Natl,
Bur. Standard, 34, 413 (1945).

(3) H. wiener, J. Am. Chem. Soc., 69, 17, 2636 (1947);
Phys., 15, 766 (1947); T his Journal, 52, 425, 1082 (1948).

(4) J. R. Platt, J. Chem. Phys., 15, 419 (1947).
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for a large part of the variance in the other properties. It
appeared in the TPR analysis as the factor fa used to relate
their coefficients, and was responsible for the reversals of
sign noted by Platt in his as coefficients. It is evidently an
index describing the steric interference of the groups on car-
bon atoms three bonds apart during rotation about the in-
termediate single bond. Hereafter we shall call such pairs
of groups “steric pairs.”

Wiener supposed that p was due to an alternation in bond
or atom interactions along a chain, comparable to the al-
ternations found in conjugated systems. But the coeffi-
cients of p in the formulas are unreasonably large for such an
interpretation, while the simple first-neighbor, second-
neighbor, etc., interaction formula4 shows no further alter-
nation for pairs of carbons four bonds, five bonds, and six
bonds apart. The analysis of the data on the cyclanes
given below seems to show conclusively that p is an index
of steric hindrance.

The meaning of Wiener’s other parameter, w, the “path
number,” which we might properly call the “Wiener
number,” is harder to see. It is the sum of the numbers of
bonds between all pairs of carbons in the molecular skeleton.
It increases for large molecules as N 3, where N is the number

of carbon atoms in the paraffin. Evidently y/w is a sort
of mean molecular diameter; and Aw/N2 the term in the
Wiener formulas, is approximately proportional to the in-

crement in 'y/w + Aw, and represents the increment in
mean diameter for a given isomeric change. The A 2acts
as a normalizing factor so as to make the Aw term for a given
type of change almost independent of N.

The success of the Wiener formulas for describing internal
properties of molecules was at first surprising, because w
seems physically unreasonable as a factor in such properties.
Thus in going from a normal chain to a 3-branched isomer
with branch lengths U, I2, h, the change in w is the product
—Uljls. For a given N, this product continues to increase
with increased lengths of the shorter branches, no matter
how long they are, until all the branch lengths are equal.5
Dependence on such a parameter in large molecules would
imply very long-range forces indeed.

New Formulas

In an attempt to duplicate the success of the
Wiener formulas for internal properties without
encountering this objection, other parameters were
examined which it was hoped would be measures of
the molecular compactness, similar to w, but which

(5) | am indebted to Dr. J. E. Mayer for this observation.
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would represent interactions extending for no more
than three or four bonds along the skeleton.

By its nature, such a search cannot be straight-
forward. With the limited types of variations
possible in paraffin isomers, every structural
parameter is correlated with every other one.6
A spurious parameter may therefore substitute for a
true one, because of this correlation, with no great
loss in accuracy. It may even give a slight gain in
accuracy if somehow, possibly by a physical con-
nection, possibly by unfavorable random fluctua-
tions, it is highly correlated with experimental
errors in a limited set of data. The problem of
finding the correct variables resembles the problem
of finding the fundamental law of force in a me-
chanical system whose motions are limited and re-
lated by fixed constraints.

Under these circumstances it seems best to choose
our formulas by balancing several requirements.

Accuracy.— In predicting the data, the formula
should give minimum deviations, or deviations
close to the experimental error. A variable is rela-
tively inessential if it does not reduce the devia-
tion when added to other variables.

Simplicity.—The formula should have a mini-
mum number of variables.

Reasonableness.— Their effects should be phys-
ically understandable and the magnitudes physi-
cally reasonable. There should be no absurdities in
the limit of large or small molecules.

Stability.— If the variables are really fundamen-
tal, their effects should be independent of N, and
their empirical coefficients in least-squares formulas
should be almost unaffected by the presence or
absence of other variables. This last requirement
is peculiar to the examination of correlated param-
eters.

The obvious variables for representing termi-
nated interactions were tried: the sums of numbers
of first-neighbors, second-neighbors, etc.7; the
sums of squares of numbers of neighbors, etc.;
the products of neighbors on one end of a bond
with those on the other, etc.; and the number of
gauche (or trans) pairs in rotational isomerism
about every C-C bond (called h in the Appendix;
both the most stable and the least stable rotational
isomers were tried).

The coefficients and mean deviations of some of
the better least-squares formulas are shown in the
Appendix. Upon balancing the criteria stated
above, we find that none of these formulas is better
than the Wiener formula, except in the case of one

property.

(6) That is, skeletal parameters. The skeleton of a hydrocarbon

completely defines the structure. No examination of chain isomers can
isolate variables which are theoretically more primitive, such as the
contributions of H-atoms, of C-atoms, of C-H bonds, of C-C bonds, or
These contributions are lumped indistinguish-

W hat linear combina-

their interactions, etc.
ably into the coefficients of skeletal parameters.
tion of them is involved depends on one’s taste in choosing his zero-
order theoretical approximation. The correlation of these variables is
complete. The correlation of different skeletal parameters is not com -
plete and so a choice among them or an estimate of their independent
contributions is still possible.

(7) The Wiener number is in fact a particular neighbor-sum (J.
Chem. Phys., 15, 766 (1947)) but with the property that the coefficients
of successive orders of neighbors, instead of approaching zero, increase
linearly with increasing distance. This is another way of saying that it

would correspond to long-range forces if it were an internal property.
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The comparison nevertheless led to significant
conclusions which could hardly have been obtained
otherwise.

The property for which the Wiener formula was
not best is HQ The best variables in this case are
the first-neighbor sum, /; and the second-neighbor
sum, which is twice the number of steric pairs, p.
Call a formula with these variables a two-neighbor
sum.

This property, HQ which is fitted without using
the Wiener number, w, is as purely internal as any
property could be. This suggested that w is not
in fact an internal parameter but an external one.
This idea was supported by the fact that w is the
principal and essential variable for describing the
boiling point—a most external property.

Whenever w is needed to describe presumably
internal properties, it must mean that external
variables are entering into the measurement of these
properties to such an extent that w, which after all
is correlated with / (and with the other neighbor
sums and products), becomes a good substitute for
/ in the equations.

Thus if w is involved in but not in HQ
“external” effects must contribute to the gaseous
heat content in warming up from 0°lv. (Any one
of the /, p, w coefficients in Hz can be adjusted
initially over a wide range without causing much
loss in accuracy in a least-squares solution for the
other two. By taking the /-coefficient the same as
for HQ which is arbitrary but plausible, the iso-
meric differences in heat content are described by
the alteration in the p-coefficient from 0°K. to
25°C., and by the w-coefficient at 25°).

If w enters into R, perhaps there are external
influences on R which are not completely repre-
sented by the simple density term in the classical
formula. Actually in this case, a two-neighbor
sum gives about the same accuracy as the V/iener
formula and both seem to be pressing the limit of
experimental error. Since we expect R to be in-
ternal, the/, p description is adopted here.

For the largely external properties, V, L and B,
the Wiener formula is best.

The adopted least-squares formulas for the
properties are:

Ho = -12.450 - 4.074(A - 1) - 0.499f + 0.6S8p *
0.33 kca.l./mole
R = 6460 + 4.750(V - 1) + 0.0112/ - 0.1304p =
0.016 ml./mole
A«l* = -0.500 A -f 0796 Ap + 533 AawsNn2 £ 0.38
keal./mole
AL = 0.210 Ap + 5.086 Aw/N2 + 0.052 keal./mole
AB = 5.640 Ap + 98.36 Aw/N2* 0.55°
AF = -2.256 Ap - 1095 Aw/N2 + 0.21 ml./mole

The formulas for H,, and R give the total value of
the property, the first two coefficients being deter-
mined from the 71-c2 to n-Cs series for llaand from
n-CBto n-C8for R. The other two terms in these
formulas, and the terms in the other formulas were
determined from least-squares solutions for the iso-
meric variance in the C5through C8groups, and the
mean deviations given are for these solutions.
Formulas for the total value of the other properties
must await more precise theoretical definition of w,
since its contribution is known only for the isomeric
variance. Its contribution to the CH2 incrementin
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the line of homologs is different for several differ-
ent ways of computing w (which give the same
Aw), and its physical meaning needs to be better
understood before it can be intelligently used in
formulas.

The deviation of for methane from the ex-
pected value given by linear extrapolation from the
line of the higher «.-paraffins was successfully pre-
dicted earlier by the six-constant formula. The
present simpler formula for HO gives the ethane
deviation accurately, but misses the methane value
by about 3 kcal./mole. The quadratic neighbor
terms which were dropped from the higher paraffins
with no great loss in accuracy may be essential for
describing the methane deviation.

All the present formulas, except the one for
boiling point, give mean deviations approaching
the experimental error. It does not seem that the
coefficients of additional parameters could be
determined with any confidence-. The boiling
points are known to perhaps fifty times the accuracy
of the formula, and a search for more elaborate
external parameters to add to the Wiener formula
for this property might be rewarding.

Cyclanes: //,, and R

Anomalous molecules demand modifications in the equa-
tions. They provide an acid test for any physical interpre-
tation of the parameters. The methane and ethane devia-
tions from the linear «-paraffin series arc stringent tests of
paraffin formulas.

The anomalous cyclane properties are similarly hard to fit.
Happily, it appears that the formulas given above for HOand
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R can be adapted easily and plausibly to the Cs-cyclohexane
and CVcyclopentane isomeric deviations.

The data may be analyzed in terms of a first-neighbor
interaction, like that in the chain paraffins, plus a second-
neighbor interaction which is a function of the relative angle
of rotation of a steric pair about the middle C-C bond.
When the middle C-C bond is a ring bond, the angles are
held close to certain equilibrium values, 60 and 180° for
puckered cyclohexane with normal tetrahedral valence
angles; and close to 0 and 120° on the average for approxi-
mately planar cyclopentane. If the intermediate C-C bond
is adjacent to the ring, the angles are not fixed and we may
have a “free” second-neighbor interaction similar to that in
the chain paraffins.

When the intermediate C-C bond is in the ring, examina-
tion of the data shows that the steric effect is the same
whether the two interacting groups are both outside the
ring, or one outside and one in the ring; this is true for both
Ho and R. By examining only isomeric variance for a fixed
ring system, we avoid having to evaluate the steric interac-
tion between different groups within the ring.

We thus have three second-neighbor coefficients for the
cyclohexanes: «2(60), aX180), and afree); plus ai. Simi-
larly for the cyclopentanes: aX0), aX120) and aXfree); plus
ai. The four constants for each group can be determined
independently, as seen in Table 11l in the Appendix. How-
ever, by modifying them slightly as shown in the “ Adopted”
set, they can be made more consistent with the alkane values
with no great loss in accuracy for the cyclane predictions.

The adopted formulas are:

f“r 1.00 Apeo -(- O.OOApiso i 0.07
AHo = —0.500A/" + 1 kcal./mole for cyCG
1.00Aptre,, | +1.60Apu + 040Api2i> + 0.37
(  kcal./mole for cyC5
f —0.160Ap® — OOOApiso + 0.016
AR = 0.015A/ — j ml./mole for cyCé6
0.130Apfree ] -O.240Ap0 - 0.075pid =+ 0.035

(ml./mole for cyCs

In the R for the cyclopentanes the accuracy is appreciably
worse than in the corresponding two-constant sum for the
alkanes. This is mostly because the methyl groups seem to
have an abnormal interaction in 1,1-dimethylcyclopentane,
possibly because of deviations of the ring bond angles from
the tetrahedral values; and in cfs-1,3-dimethylcyclopen-
tane, possibly because they come in contact more than is
usual for third-neighbor C-C bonds. Both effects can rea-
sonably be associated wfith the well-known puckering of the
C3ring.

The second-neighbor interactions in HOand R are plotted
as functions of angle in Fig. 1. In both cases they increase
smoothly from near zero at 180° to a maximum effect at 0°.
The zero at 180° and the absence of dip near 90° show that
no appreciable part of the interaction can be due to hyper-
conjugation, which would give maxima at 0 and 180° and
minima at 90°, approximating a cos®d function. The ob-
served curve can be fitted within its accuracy by a (1 + cos
d) function without higher order terms.

The Free Interactions.— The free second-neighbor inter-
action in the alkanes is close to the mean of the fixed-angle
interactions. For properties observed at room tempera-
ture, such as R, this can be understood if an angle near 90°
is a turning-point of the motion under hindered rotation, so
that most of the steric pairs are found a maximum fraction
of the time near this position. The free second-neighbor
interaction in the ethyl cyclanes corresponds to a turning-
point nearer to 45°. This may of course be normal for ro-
tation about a bond which is doubly-substituted at one end.

This behavior of the free interaction is harder to under-
stand for properties measured at absolute zero, such as HO.
One would suppose that a steric pair would have deep po-
tential minima at 60 and 180° from the hydrogen-atom re-
pulsions on the central bond like the well-knowm minima in
ethane and the substituted ethanes; and that at absolute
zero the pair would be frozen in one of these positions,
preferably at 180° where possible, in view of the higher en-
ergy required to reach 60° in Fig. 1.

But. such a model leads to three expectations which are not
verified experimentally. First, there is no longer any reason
for the mean angle of a “ free” steric pair at absolute zero to
agree with its mean angle at room temperature since the
first pair is frozen while the second is really almost free.
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But they do agree almost within experimental error as shown
in Fig. 1 for Ha and H3 and R. (The small increment, in
the p-coefficient for H2Z may be due to a tendency for a steric
pair to go higher up the steric barrier at room temperature;
or it may be due to an effect discussed for the L coefficients
below, the effect of steric hindrance at room temperature in
reducing the probability of intramolecular van der Waals
attractions.)

Second, the success of a two-neighbor sum formula should
be 'worse at absolute zero than at room temperature if in the
first case the second-neighbors are not all alike and if at the
higher temperature they are all alike, on the average. But
the two-neighbor sum is better at the low temperature
(where the experimental errors are worse!) than the three-
constant formula for H On the other hand this may be
due to the inadequacy of to as a variable for describing the
heat content.

Finally, if the steric pairs at absolute zero are fixed in the
configurations described above as most probable, it should
be possible to predict Ha better by replacing p with a new
variable, h, which is the sum of the number of 60° pairs
when the most stable configuration is taken about every
C-C bond. This would assume- that the 180° interaction
could be taken to be zero, as found for the cyclanes. But a
least-squares formula for HO in terms of / and h was found
to have a mean deviation of +0.46 kcal./mole, 40% worse
than the formula with/ and p.

The simplest way of accounting for these results is to sup-
pose that the most stable configurations were not in fact ob-
tained in the low-temperature paraffin studies. The steric
pairs may be frozen into the 60 and 180° positions, but at
random, in a non-equilibrium distribution; so that p,
which is indifferent to configuration, is better than the or-
dered parameter, h. Such situations are familiar in the
quenching of alloys, in the freezing-in of dislocations in
metals and crystals, and even in solid paraffins themselves,
many of which are glasses and crystallize only with great
difficulty if at all. A paraffin gas molecule by itself may be
a large enough aggregate to show such behavior also.

H .— The height of the curve at 0° in Fig. 1 is about 1500
cal./mole for each steric pair. This is comparable to the
heights of free-rotation potential barriers in paraffins and
substituted paraffins found by other methods. It is im-
portant to remember that the curve for H in Fig. 1 would be
only an approximate potential curve even if there were no
experimental error in the measurements, since each point on
it represents only a time-average value over a zero-point
range of rotational configurations. In the alkyl_cyclopen-
tanes, because of the zero-point puckering motion of the
ring, the angles of a steric pair may range to + 60° on either
side of the average value.

The first-neighbor term in the adopted formulas for H of
the alkanes and cyclanes would appear as the stabilization of
a C-C bond by about 500 cal./mole on methyl substitution,
if we considered the effects as being due simply to perturba-
tion of the C-C skeleton. Such a picture is too simple.
This energy term is a sum of differential effects of substitu-
tion on C-H and C-C bonds; or on the C and H atoms, for
those who prefer that formulation. For the prospective
theorist, the best statement of the significance of the first-
neighbor term is probably phenomenological: that the whole
system at the end of a paraffin chain is “ideally” stabilized
by about 1000 cal./mole on rearranging to the 2-methyl
form; and that this is probably largely electronic or internal
energy with small or negligible contributions from steric
effects.

The data on HZEfor the cyclar.es were not analyzed since
it was not clear how to compute w or an analog for it in these
structures, or even Arc; and since the w term had already
shown its importance in the alkane if% formula at these
temperatures.

Transmission Limits: R

The molar refractivity, R, depends on the wave
lengths and intensities of ultraviolet absorption in
the molecule. Some observations on the absorp-
tions of paraffins, as shown by their transmission
limits, have been made by Elevens and Platt.8
Regularities found in these limits throw some light

H. B. Elevens and J; R; Platt, J; aAm. Chem. Soc., 69, 3055

®)
(1947).
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on the regularities in R, and were indeed the initial
stimulus for the present study.

The transmission limits, which are determined by
the lowest-frequency absorption bands, were found
to depend principally or. the number of first C-C
neighbors around the most-substituted C-C bond
in the molecule. This same factor seems largely
to determine the known first ionization poten-
tials,910 as though the most substituted bond con-
tained the least tightly bound electrons in the
molecule. The situation is parallel to that in sub-
stituted ethylenes where the spectra and the
ionization potential both move to lower frequencies
with increasing number of first neighbors of the C =
C bond.

The increase in R of the paraffins with increasing
values of the variable/ corresponds to this shift to
longer wave lengths with number of first neighbors.
The shift in limit for every additional neighbor on
the most substituted bond is about 30 A., or about
1.5% in wave length. The increase in R per first-
neighbor is about 0.2% of the increment for every
C-C link. No doubt R is mainly determined by
higher-frequency absorption bands which have
large excited-state orbitals whose energy is rela-
tively insensitive to local isomeric variations of
structure.

The decrease in R with increased number of
steric pairs in the molecule represents a mean loss
of intensity or shift to higher frequency in the
absorption spectrum. The effect is several times
larger than the first-neighbor effect. The trans-
mission limit shows no signs of such behavior;
in fact, second-neighbors of the most-substituted
bond are associated with a small shift to lower
frequencies rather than to higher.

One attractive explanation of these effects is as
follows. Consider the central C-C bond of a steric
pair and the upper states produced by exciting an
electron from this bond. We may suppose that the
addition of the neighbors to this bond in forming
the steric pair lowers the energy of each of. these
states. Assume the energy reduction would be
equal for all angles between the pair in the absence
of steric effects. But the steric strain will cause
lengthening of the central C-C bond, by approxi-
mately the same amount in the ground and first
excited states where the excited electron is still
nearby; but by much greater amounts in the higher
excited states where the excited electron is essen-
tially removed and the bond becomes a weak one-
electron bond. Since the Franck-Condon principle
requires vertical excitation, differential lengthening
of the bond in the uppei state will produce a shift
of the absorption to shorter wave lengths, which
may overshadow the lowering of the upper state
potential minimum, and which will cause a steric
decrease in the contribution of this bond to R.

Many other explanations could be put forward.
This interesting second term in R seems worthy of a
careful theoretical examination.

The Wiener Number: L, B and Vv

Having examined the meaning of the first, and
second-neighbor parameters, we are in a better

(9) W. C. Price, Chem. Revs., 41,257 (1947).
(10) rR. E. Honig, J*Chem. P hys16, 105 (1948).
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position to understand the effects assigned to the
mysterious and important external parameter, w.

The behavior of the w coefficients suggests as_a
working hypothesis: that the quantity Ww,
which is a sort of mean distance between the carbon
atoms in a molecule, is an approximate inverse
measure of the probability of one part of the mole-
culebeing attracted to another part by van der Waals
forces, or an inverse measure of the “mean self-con-
tact area.” Since the total possible contact area—
something like the exposed surface of the hydrogen
atoms—is approximately constant in isomers, the
sum of the self-contact area and the external con-
tact area must be constant. If w is an inverse
measure of the former it must be a direct measure
of the latter.

This notion gains support from the near-equality
of the u>-terms in H®and in L at 25°. Within a set
of isomers, a larger mean molecular diameter re-
duces the internal contact area and decreases the
intramolecular van der Waals attractions of the
gaseous molecules, by about the same amount by
which it increases thé external contact area and in-
creases the intermolecular van der Waals attrac-
tions in the liquid.

The failure of w to contribute to Ho can be under-
stood if we suppose that at absolute zero the
molecules are frozen in configurations determined
by the hindered-rotation potential barriers about
each C-C bond, and that these configurations offer
little opportunity for contact beyond the second-
neighbor contacts already described. The mean
area of the random long-range internal contacts
described by w must be small or zero.

What then is the role of the p-term in L? For a
given to, this steric term increases the intermolecular
binding in the liquid. Plausibly we may suppose
that steric hindrance makes some of the internal
contacts more awkward and improbable, decreases
the internal contact area, and increases the ex-
ternal. The increment in the p-term between Ho
and 1123 may be due to this loss of van der Waals
stability in the more sterically hindered isomers.
The increment is of the same order as the steric
term in L, but smaller. Because of the “surface
irregularities” produced by steric effects, there is in
this case no reason to expect the loss of internal
contact area to balance exactly the external gain.

In brief, it is proposed here that the steric and
Wiener terms in the adopted formula for L together
describe approximately the isomeric variance in the
mean intermolecular contact area of molecules in
the liquid phase. The dependence of the inter-
molecular contact area on w and p may be calcu-
lable for molecules with partially-hindered rotation
by statistical mechanical methods.

About the boiling-point formula all that need be
said is that the coefficients of the two terms in B
are roughly proportional to the coefficients in L.

As for V, we see that an increase of intermolecular
binding in the liquid as shown by larger L is ac-
companied by a decrease of molecular volume. A
stronger total force between molecules produces
a closer average approach. Or we can say that a
compact molecule uses its volume inefficiently and
contains holes; it will have a small external contact

John R. Pratt
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area and small L; while the opposite will be true
for an extended molecule. Or both effects may be
present.

If the variance in volume were largely external,
due to variations in the mean space between mole-
cules, we should expect the V coefficients to be pro-
portional to the L coefficients. If the variance
were largely internal, then for a given external
contact area as determined by L, we should expect
an increase in steric hindrance to produce less
efficient packing and more holes “within” the mole-
cule, with a positive contribution to the second-
neighbor F-coefficient. Actually, this coefficient
is much larger (more negative) than the w-co-
efficient in V, relative to their valuesin L.

In short, steric hindrance reduces the internal
volume. No doubt this added p-effect is due to
the familiar interpenetration of steric pairs to dis-
tances of approach smaller than the usual van der
Waals radii. This penetration is necessary to
account for the mean repulsive potential in Fig. 1
The apparent compression of volume per steric
pair is about 1.8 ml./mole, about 12% of the total
volume contribution per added CH2group.

Indicated Studies

The variables adopted here will undoubtedly be
the simplest ones to use in making empirical correla-
tions of other properties of the paraffins. Of es-
pecial interest would be further studies on free
energy and entropy of formation, surface tension,
octane number and so on.

The type of reasoning used here can probably
be extended in a straightforward way to alkenes,
alkynes and alkyl aromatics; the disappearance of
free rotation and the possible appearance of direc-
tional intermolecular forces will add interesting but
difficult variables to the analysis. The treatment
of substituted hydrocarbons will have its own de-
lights and complications.

Of the terms discussed here, the /-terms in H
and R and the two terms in L are those which seem
most likely to succumb easily to theoretical pre-
diction.

The Wiener number, with its N2 denominator,
especially needs theoretical examination and justi-
fication, with both theoretical and empirical atten-
tion to the question whether it is itself a funda-
mental variable or only a good approximation to
some more significant quantity.

In the boiling points, the search for an additional
or a better external parameter should continue.ll

Appendix

In Table I are given the values of parameters which seem
likely to be useful in future analyses of other properties of6

(11) Note added in proof.— Reference should be made to J. K.
Brown and N. Sheppard, J. Chem. Phys., 19, 976 (1951), and to D.
W . Scott, J. P. McCullough, K. D. Williamson and Guy Waddington,
J. Am. Chem. S o0c73, 1707 (1951), on low-temperature rotational
disorder in methylbutanes. Also to K. S. Pitzer, Disc. Far. Soc., 10,
66 (1951), and to J. G. Aston, ibid.,, 10, 73 (1951), on the n-butane
steric barrier. Also to J. L. Lauer, Thesis, University of Pennsylvania,
1947, and J. Chem. Phys., 16, 612 (1948), on the shift of the “charac-
teristic wave lengths” of methylcyclohexanes to higher frequencies
with steric hindrance. Also to A. R. Ubbelohde and J. C. McCou-
brey. Disc. Far. Soc.,, 10, 94 (1951), on coiling and self-contact of 71
paraffins.
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Isomer

2-m-3

—5
2-m-4

22-m-3

—6
2-m-5

3-m-5
22-m-4

23-m-4

—7
2-m-6

3-m-6

3-e-5

22-m-5
23-m-5
24-m-5
33-m-5

223-m-4

—8
2-m-7

22-m-G
23-m-6
24-m-6
25-m-6
33-m-6

34-m-6

Prediction of Isomeric Differences in Paraffin Properties

JTA

12

10

10

14

12

10
12

12

12

16

14

14

16

18

12
14

14

14

14

18

1G

16

16

18

16

Table |

Values of Parameters

ft/i A» A/IAfi fn/irAin

2

2 6

12
- l 3

4 2 10

4 18
-1 4

36
-2 -1 13

6 4 14

6 4 22
4

8 2 24
1 -1 5

6 44
-2 15

8 32
1 -2 9

8 18

8 26
4

10 6 28
1 5

12 6 30
2 6

8 0 48
15

12 4 38
2 -1 10

8 8 34
1 8

12 2 52
2 -2 17

12 60
2 -3 21

10 8 22

10 8 30
4

12 8 32
1 5

12 10 32
1 1 5

14 10 34
2 1 6

10 8 52
15

14 8 42
2 10

12 10 40
1 1 9

10 8 38
8

14 8 56
2 17

16 8 44

3 11

NiliAlia

10
12

14

12

16

14
16

20

24

20

26

20

26

30

18
20

24

26

30

24

32

28

22

34

36

N\ A2
2
-1

4

6
1

-2

8

8

14
3

12
2

16
4

12

14
1

18
3

24
6

14
1

26
7

12

28
8

30
9

16

18
1

24
4

22
3

30
7

22
3

32
8

24
4

22
3

32
8

38
11

W-Ai»/A2

1

4

10

9
0.06250
20
18
0.08000
16
0.16000

35

32
0.08333

31
0.11111

28
0.19444

29
0.1666G

56

52
0.08163

50
0.12245

48
0.16326

46
0.20408
46
0.20408
48
0.16326
44
0.24490
42
0.28571

84

79
0.07812

76
0.12500

75
0.14062

72
0.1S750

71
0.20312
70
0.21875
71
0.20312
74
0.15625
67
0 26562
68
0.25000
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Isomer

2-m-3-e-5
3-m-3-c-5
223-m-5
224-111-5
233-m-5
234-m-5

2233-1U-4

ai

0.499
0.505

0.668
0.500
1.658
1.570
1.118

0.0112
.0055
.0243
.0239
.0285

0.172
m .0385

u3.258
0.295
8.476

-8.23

=1.639

0.358
0.110
1.160
1.090
0.355

N 11IA]
8 16
8 18
8 20
8 20
8 20
8 18
8 24

Constants and

0.544
344
.342

0.597

-0.0702
- .0652
- .0680
- .0749
- .0741
- .0736

0.105
.0238
.0892

2.820
1.198
2.943
0.165
-2.34
2.368

-1.128
-0.943
-1.173
-0.797
-0.505
-1.056

Fitted to older API data.

/*/Jah

16
3

18
4

16
3

10

18
4

16
3

18
4

qi

0.140

.0015

-1.43

.160

John R. Pratt

Tabire | (Continued)

1<IIAj IulJAlu

10 44
1 11

6 60
-1 19

6 66
-1 22

12 60
2 19

4 68
-2 23

8 52
15

90
-4 34

Tabte Il

an ai2

Hoy kcal./mole

H 25, kcal./mole

0.105 0.201
.120 .235
101 .210
li, ml./mole

-0.0030 0.0037
- .0039 .0070
- .0011 .0038

15, kcal./mole

B, °C
-1.112 0.120

0.76 1.03

0.304 0.004
V, ml./mole

-0.169 0.001
- .120 .100
- .073 .016

i\llma/..

38
10

42
12

42
12

30
0

46
14

40
11

54
18

iMean D eviations of Least-Squares Formulas

<22

0.011
.070
.002

0.0011
- .0020
.0010

-0.139
0.14
0.030

-0.004

56

Vol.
hi/\ A2 w-Awn3z h
38 67 4
11 0.26562
48 64 6
16 0.31250
42 63 5
13 0.32812
18 66 3
1 0.28125
50 62 6
17 0.34375
40 65 4
12 0.29687
54 58 6
19 0.40625
aw M.D.
1.38
14.05 0.44
.33
- .19 .33
(/ and h) .46
2.23
19.42 0.37
44
5.33 .38
.29
.19
7.31 .25
0.163
-0.325 .015
.016
-0.170 .015
.013
011«
0.056 .012
(TPR-6-const) .013
0.712
5.086 .052
.097
4.001 .043
11.8
98.36 .55
2.38
106.76 0.53
1.54
0.67
92.51 42
(TPR-6-const) .55
2.14
-10.95 0.21
.38
-14.063 21
.28
22"
-10.90 .19
(TPR-6-const) .16*
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Tabte 111
Annular Dependence of Steric Pair Interactions
A. Parameters
VA  TTTTTT /1Aft - Allo x 100 Mi X 1000
Isomer free 0° 60° 120° 1800 obs. pred. obs pred.
Cg-Cyclohexanes
c-c6
1l-m-c6 2 -2 2 lit!) 200 27 0
12-m-c6
cis(ep) 1 -2 3 1 0 - 173 -190
trans(ae) 1 -2 '2 197 200 106 130
13-m-c6
cis(ee) 1 -2 2 308 300 281 290
frans(ep) 1 -2 2 112 100 - 13 30
14-m-c6
cfs(ep) 1 -2 2 114 100 - 14 30
transiee) 1 -2 2 305 300 293 290
M), = 7 16
Cr-Cydopent anes
e~cd
1l-m-ca 2 —2 2 261 320 86 170
12-m-c5
cIs 1 -2 1 2 58 60 99 -100
trans 1 -2 3 231 180 108 65
13-m-c5
cIs 1 -2 2 157 220 134 140
trans 1 -2 2 211 220 185 140
M.D. = 37 35
B. Angular Coefficients
Ho, kcal./mole N\ mi./mole
Observed Observed
Coeff. cp a3 Adopted co c6 Adopted
ai -0.20 - 0.43 —0.50* -0.049 0.020 0.015"
a2 (free) 0.45 0.62 0.506 - .108 - .098 - .0656
«2 (0°) .76 .80 - 142 - .120
a2(60°) 56 .50 - .085 - .080
a» (120°) - .10 .20 - .038 - .038
a2 (180°) .06 oo - .012 .000*
& Assumed. h.Assumed in C/s.
hydrocarbons. They are listed for all the alkane isomers and
through the octanes. SSAilak = (A
N is the number of carbon atoms. 1k ilak = (A - 2~
fi is S/ai where fm is the number of first-neighbor C-C
a if follows that.
bonds adjacent to the «th C-C, /<*is the number of second- L _— ,
neighbor C-C bonds, or bonds one bond removed from the ?“ = 212«/«' = (V- AW - 2)
«th C-C, etc.; the sum being taken over all the C-C bonds
in the molecule. and
| is A- I . _
SSjfjk = 222/«il«k = (-V - 1)(-V - 2)*
J/s is p, the number ot steric pairs in the. molecule. i k“ Ctjk« ¢ ( X )

When p replaces/» in a formula, its coefficient is numerically
twice as large.

fii is S/ai/aj.

a

The offset columns give half the isomeric increment, in
each parameter over the value for the n-paraffin of the same
N. The offset f> column gives Ap.

W is the sum of the numbers cf bonds between all pairs of
carbon atoms in the molecule. The offset column gives
1/3Vv* times the isomeric increment, which is the quantity
actually employed in the Wiener formulas.

h is the total number of steric pairs at an angle of 60“ to
each other around their central C-C bond, under the condi-
tion that each pair is allowed to take only the angles 60 or
180%, with the 180° position around every C-C bond being
filled first. This variable is most likely to be useful for de-
scribing low-temperature properties.

There are some useful sum rules for tlie/’'s. Since$§

ISfa\ = A — 2
i

The third of these relations ,s useful for checking the deter-
minations of t.he/’s.

The/’s can be expressed in terms of <* the number of ter-
tiary carbons; c4, the number of quaternary carbons; c3,
the number of tertiaries next to an end; etc. The first few
formulas are

N —2(N - 2 -fq -f 3r)
fi. = 2(N — 3+ 2c3+ 6e4—cd — 2Cii + cB+ 203 + 4CK)
an — —10 + 4A -j- ooz + 42ci 2c3i 4 T
2cB fi- 4 r-- Siir
= fi + fi + 6c3+ 244
fa = 10 - 4\ + [/, + 2f, - /3 + 6c4- 2ru +
2c3i - cerii 1&]!‘

The higher /s, ft and fa and beyond, cannot be expressed
completely in terms of r> with only one or two sub-
scripts.
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Wiener showed that w is a neighbor-sum
w=V.N{N- 1)+ Tw>
i

The isomer designations in Table | are obvious simplifica-
tions, such that— 4 means n-butane; 2-m-3-e-5 means 2-
methyl-3-ethylpentane; and 2233-m-4 means 2,2,3,3-
tetramethylbutane; etc.

For each property G of Table 11, each row gives the co-
efficients determined for a least-squares fitting of a formula
of the type

A(? = aiAli T @A/2 + (haf> f- aiii/n ai2A/i2 +

022A/22 + awAu;liv2

to the observed isomeric deviations, AG, obtained from the
API Tables. Some terms in this formula were omitted in
each solution; the entries in each row correspond to the
terms kept.

The last column shows the average deviation (neglecting
sign) between the observed values and the values predicted
by the resulting formula for the property. The first entry
in this column for each property shows the raw isomeric
variance, i.e., the mean deviation of the data on this same
group of isomers from the formula AG = 0. The amount
by which this figure is reduced by using the other formulas
is a measure of their merit.

All the Cs-Cs isomer data were used in the analysis, omit-
ting the 2,2-dimethylpropane and 2,2,3,3-tetramethylbu-
tane, since some of the data for these compounds were taken
under non-standard conditions. The data used in Tables
Il and 11l were from the Selected Values of Properties of
Hydrocarbons, American Petroleum Instituiré Research

P. Torpington
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Project 44 at the National Bureau of Standards, as follows,
by property, table numbers, and latest dates of revision (ex-
cept as noted in Table I1):

ff,,. lie, 2/49; 2w, 11/40; 3w, 10/44; %w, 4/49; 7w, 4/47
Hu,- 1v, 4/45; 2p, 11/46; 3p, 4/45

R and V: 15, 6/48; 2b and 35, 12/48; 65 and 75, 6/49

L: 1q, 29q and 3q, 5/44

B: la, 6/48; 2a and 3a, 12/48

The coefficients of the/, h solution for Ho in Table 11 were
not tabulated since this solution was unsuccessful. Mean
deviations are also given for the TPR least-squares solutions
for several properties. These authors used different param-
eters, ¢3 Ci, cn, Gn, CB and c3 to fit essentially the same
data used here.

Part A of Table Il gives the isomeric deviations in the
parameters fi and /> (angular) and the properties HOand R
for the Ca-cyclohexanes, taking ethylcyclohexane as refer-
ence compound; and for the C7cyclopentanes, taking ethyl-
eyclopentano as reference compound.

Part B shows the corresponding coefficients, ai and a?
(angular) necessary to fit the observed values of Part A.
The “Observed” columns give the coefficients obtained by
simple subtraction among the data in Part A. The
“Adopted” columns give the best values of the angular
coefficients when some of the others are fixed as indicated so
as to be more consistent with the alkane values. The pre-
dictions from these “adopted” sets of coefficients are shown
in part A, with their mean deviations. The *“Observed”
and “Adopted” sots are plotted in Fig. 1 as functions of
angle, after having been multiplied by two to convert them
to p-eoefficients.

POSSIBLE MOTIONS OF VIBRATING MOLECULES AND THEIR
INTERPRETATION IN TERMS OF MOLECULAR STRUCTURE
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The possible motions of a system of vibrating particles in a normal mode are studied briefly in the general case, and it is indi-

cated how in a given configuration they may be expected to depend on the potential function.

The case of the symmetrical

vibrations of the symmetrical triatomic molecule is treated in detail, taking water, sulfur dioxide and chlorine monoxide

as three typical systems.

The problem is reduced to one in a single coordinate, and formulae obtained for the shape of the
potential well representing the vibrating system, for all allowed solutions of the force constants.

The contours of the poten-

tial well are found to be concentric ellipses of the same eccentricity, this latter and the orientation of the well being functions

of the force constants.
axes of the elliptical contours.

I. Introduction

The study of molecular force fields has been con-
siderably hampered by what perhaps can best be
described as a feeling of discouragement which
arises at quite an early stage of an investigation.
This possibly applies to other fields of work as well,
of course, but in the present instance one can at
least be quite explicit as to the underlying cause.
It is merely that one cannot in general be certain
enough that a set of force constants chosen, after
the usual fitting with the vibration frequencies, as a
best set, is near enough to the real set to justify a
complete normal coordinate analysis, with its
attendant additional information—atomic displace-
ments and potential energy distributions. After
all, the calculation of force constants is not the be-
all and end-all of a theoretical spectroscopist’s
life—he wants to use them to investigate the
normal “life” of his molecule—the way it moves
in its everyday existence while translating in be-

The directions of the vectors representing the two normal modes are related to each other and to the

tween reacting. There are two obvious courses of
action in proceeding beyond the choosing of a
“best set” of force constants, and its interpretation
in terms of individual bond strengths, bond angle
rigidities, oribital coupling and interatomic repul-

sions. The first is the direct calculation of the
potential function by quantum mechanical
methods. Until the exact significance of localised

and over-all molecular orbitalslis properly under-
stood—why apparently one has to use one set for
one type of phenomena, the other for a different
type—this appears to be beyond the bounds of
possibility even in simple triatomic systems; the
problem is rather different from that of obtaining
force constants of the correct order of magnitude
as a demonstration of guantum-mechanical method.
It might be noted in passing that the improvement
of the simple lleitler-London treatment of the

(1) Lennard-Johes ami Pople, Faraday Soc. Discussion on Hydroiar-

Lons, Idol.
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hydrogen molecule by including a scale factor,
thus reducing the error in the dissociation energy
by fifty per cent, actually worsens the vibration
frequency, already too high in the simple treat-
ment.2 In more complex molecules it seems rather
unlikely that exact variational wave functions can
ever be found, so it is as well to note the above
defect. The second course of action is really one
that we are forced to adopt while waiting for the
first to give results, or because we feel that perhaps
it probably cannot. It is to forget (for more than
the moment) the initial problem and to treat the
vibrational equation as the problem to be solved.
It is suggested that we require a rough idea of the
ranges of solutions allowed to the force constants,
their mutual dependence, and the approximate
relation between their values and the normal co-
ordinates; and a more exact knowledge of these
quantities and properties, plus the derivatives
determining the dependence of the frequencies
on the force constants, in the region of the real
set. The first study can perhaps be omitted
once sufficient simple and one or two more complex
cases have been dealt with. It is a necessary one
for correlation with subsequent quantum mechani-
cal calculations; and has considerable intrinsic
interest and possible application outside the field
of molecular vibration theory.

Detailed information over the whole ranges of
allowed solutions is now available for triatomic
systems3 having various mass-ratios, and less
completely for the pair CH4, CD44and for CX14.6
For HD and DD the exact solutions are known, of
course,6and for CH4, C2D4we can be fairly certain
that both the zero-order (anharmonicity-corrected)
and “empirical” solutions are satisfactory, with the
possible exception of one or two of the smaller
interactions. The situation with C2C14is that one
cannot decide finally between the solutions with
large positive or small negative Arc=c X Arc—ci
interaction constant; this might be a case where
direct quantum mechanical calculation might be of
assistance even at its present stage. A study of the
mutual dependence of the force constants and their
relation to form of vibration, in the probable region
of the real solutions, has been made for some C-H
bending vibrations of substituted -ethylenes,78
the study of the planar vibrations7being an interest-
ing example cf an attempt on comparatively high-
order equations. In the group of non-planar C-H
bending vibrations8 it is thought that there is
definite evidence for variation of the bending con-
stants with different substituents, by pure analysis
alone.

The present paper completes the detailed study
of simple systems. Partly with the object of
correlating with quantum mechanical treatments,
but mainly as a pure study, the general solution for
the potential well representing the symmetrical
triatomic system is obtained.

(2) Pauling and Wilson, “Introduction to Quantum Mechanics,” p.
349.

(3) P. Torkington, J. Chem. Phys., 17, 357 (1949).

(4) P. Torkington, Proc. Phys. Soc.t 64, 32 (1951).

(5) P. Torkington, ibid., 63, 804 (1950).

(0) Heath and Linnett, Trans. Faraday Sac.,44, 550 (1948).

(7) P. Torkington, J. Chem. Phys., 17, 1279 (1949).

(8) P. Torkington, Proc. Hoy. Sun.,, A206, 17 (1951).
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Il. Dependence of the Forms of Vibration of a
System of Given Configuration on the Potential
Function

The following preliminary general treatment is
conveniently included in the present paper. The
normal coordinates %; for the system are defined in
general in terms of the coordinates A- of the po-
tential function by the matrix equation

V = cA 0
The forms of vibration are obtained from the re-
lated equation

A = c-'tt 2)

Thus in the fcth normal mode, wnth normal co-
ordinate ir3 the displacements are defined by

AUA«

LT X SN

((c~Dik:(c~1)2k: mmm’(c~x)nk (3)

where (c-1),/ is the yth element of the inverse of
c. It can be shown that

c'c = A~ (4)
c'We = d (5)

where ¢’ is the transpose of ¢, A is the inverse kinetic
energy matrix for the coordinates Ay and IF the
diagonal matrix of the roots of the characteristic
equation of the product matrix dA; these roots
must correspond to the observed vibration fre-
guencies. This summarizes the dependence of the
transformation matrix c, w'hich determines the
forms of vibration, on the force constant matrix.

The conditions for a normal vibration to be
localized in a particular part of the molecule are
readily obtained. If a vibration of frequency V,
is localized in a single coordinate Afc4 (an extreme
case), then the elements of any column of minors
of the determinant \dA — \iJ\ must be all zero
except for the fcth element.

The general condition is seen to be

ofori ST
Xi: for i = k

where B is the product dA. It leads to the fclloiv-
ing expression for the fcth row of elements in the
force constant matrix

(6)

du = (A = (JAIIADXi; )

where \A\u is the cofactor of the element Au in the
determinant |A of the Kinetic energy matrix.
If Wk is localized in the two cofirdinates Af, and
Am then the conditions are either
io fori ~ Korm

1 non-zero for i — m,
(\fori = k

10 for i ™ in

Bki = \xmfor i = m

(8)
where Amis the secular parameter corresponding to
a second frequency vm, or

fofori ~ korm

Bm = j non-zero for i = k
[Xtfor I —m (9)

jofori ~ Kk
1 x,, fori — Kk,

It is convenient to take the first set of conditions as
general; clearly the two coordinates are equivalent,
and it is a necessary consequence of localization in
two coordinates, where the potential energy is
expressed in terms of more than two, that there
shall be a second frequency localized in one or other
of these two coordinates. Thus, from Eq. (8),
Bmmmust be a root of the secular equation since all
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other elements Bm are zero, and consequently there
is a mode vm localized in Am alone. The approxi-
mation to this theorem will presumably be a phys-
ical truth; the theorem itself underlies the well-
known phenomenon of group frequencies, showing
how if one frequency is localized then so must
another be. If the form of vk is defined by (Ani
Ak = p, then explicit expressions for the force
constants dki follow from the identity .

Bkm + pBmm. = PAC (10)
which is a consequence of the definition of the dis-
placement; the constants dni are given by the an-
alog of Eq. (7). These expressions enable one to
decide what interactions, in a given configuration,
are most likely to lead to localisation of the normal
modes.

I1l.  Preliminary Analysis of the Triatomic
Molecule Problem

It is first convenient to express the potential
energy for'the symmetrical vibrations in terms of a
single displacement coordinate. This is possible
if we choose the displacement vector of one of the
terminal atoms as variable. Taking rh the vector
for the terminal atom 1, (see Fig. 1), if this has
magnitude i\, direction i3 then it can be shown that
the potential energy of the system is given by

V = 2r\ (/I sin2/3 + B sin (Lcos @+ C cos2/3) (11)

where
A = dusin2a A dincos2a -{- du sin 2a
B = (1 -)- 2M)[(rfn — d22 sin 2a -f- 2dn cos 2a]
C = (1 + 2m)2(du cos2a + d2Zsin2« — da sin 2a)

du, (22 and da are the elements of the force constant
matrix for the valence coordinates Ax = A?i2 +

Ar2Z3 A2 = ?i2A0; 2a is the angle of the system, and
M = Tth/nii. Equation (11) enables us to plot a
polar diagram of the potential energy for any con-
ceivable displacement of the system satisfying the
symmetry requirements, and the condition for no
translation. It will be perhaps of some interest to
study the dependence of the type of diagram ob-
tained on the force constants (these of course being
always sets for the correct vibration frequencies).
For any particular solution for the force constants
there will be two particular directions /3 and /2
corresponding to the normal modes of vibration.
We will examine the way these directions are
related to the potential energy diagram, and how
the picture changes as we pass through the whole
set of allowed solutions for the force constants.
Since the potential energy function is parabolic
we need only obtain a single curve for each set of

Fig. 1.— Coordinates for the class Ai vibrations of the sym-
metrical triatomic molecule.
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force constants. It is convenient to take that for
unit ri. The diagrams are symmetrical about the
origin and about two axes corresponding to maxi-
mum and minimum potential energy. These
latter are mutually perpendicular, and their direc-
tions satisfy the equations

tan 2pm = B/(C — A)
The directions for the normal modes can be shown
to be given by
(1/B)[(L + 2m) A —
Vit Iml + 2m) (Ai — A2)] (13)
where Ai and \2 are related to the fundamental
vibration frequencies by

(12)

tan jSij =

A2 = 45PN

If vi > 2 the positive sign in the (£) in Eq. (13)
goes with vi. Further, it can be shown that

(11)

tan ft X tan ft =

For the limiting case p = 0, the directions of the
displacements in the normal modes always coincide
with the axes of the diagram. Otherwise this co-
incidence only occurs for the two solutions in which
Bi2= 0, 7r/2; #&2,0.

Going back to Eq. (11), it can easily be shown
that the lines of equipotential are ellipses. With
VvV a constant, Eq. (11) is that of a conic section,
with center at the origin and axes given by Eq.
(12). The discriminant of the conic, (ab — h~), is

d[2

—(@ + 2/a) (15)

4AC —B2= 4(1 + 2m)2(dnd2 - (16)

This quantity is always positive, since (duda —
du) = XOX/IA Jwhere RA |is the determinant of the
kinetic energy matrix. The problem is thus con-
veniently reduced to a determination of (1) the
magnitudes of the axes of the elliptical potential
energy contour for a standard displacement ri;
(2) the directions of the axes, for all allowed solu-
tions of the force constants. Howrever, it is in-
structive to obtain the polar diagrams of the po-
tential energy as well. The relation between a
polar diagram and the corresponding potential
energy contour plot is quite simple. Rewriting
Eq. (11) as

V =

Kr\ 17)

then 1/a/K is the value of n corresponding to unit
V. Thus the contour of unit potential energy is
the ellipse whose axes coincide with those of the
polar diagram and are equal in length to the re-
ciprocals of the square roots of the corresponding
axes for the diagram for unit ri.

IV. Results for Three Typical Systems

Water, sulfur dioxide and chlorine monoxide
have been chosen as three typical systems (as in a
previous investigation3, representing a convenient
range of rai/m”~ The polar diagram for the po-
tential energy, and its relation to the ellipsoidal
equipotential contours, are shown in Fig. 2 for S02
at the solution with zero interaction constant and
greater value of du; the directions of the two
normal modes are indicated. The manner in which
the shape and orientation of the potential well
changes with the force constants is illustrated for
the three molecules in Figs. 3, 4 and 5. In these,
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Fig. 5.— The variation of the potential well for the sym-
of SO*, with zero interaction constant, in the range r+. metrical vibrations of C120 with the force constants.

Fig. 6.— The variation of axis-lengths of the potential w-ell>

with the force constants, for (a) HD, (b) SO2 (c)
Fig. 3.— The variation of the potential well for the symmetri- Cla.

cal vibrations of H»0 with the force constants.

vectors of the normal modes. It will be seen that

the contour rotates with change of value of da, detectable, and it increases with increase in mi/mz.
and simultaneously its eccentricity alters. The The absolute eccentricity at any solution is related
magnitude of the latter change depends primarily to the magnitudes of the fundamental vibration
on the mass-ratio Wi/m2 For water it is hardly frequencies. In general, the ratio of the axes is



340

a function of the ratio of the vibration frequencies,
the relationship being the more direct the smaller
the value of TOI/m2 At the two solutions corre-
sponding to dm = 0, x/2, where the directions of
the normal modes coincide with the axes of the
elliptical contours, the eccentricity is a maximum
(for r) or a minimum (for v+) (for nomenclature
see ref. (3)). The defect of the direction of the
normal mode vector from the principal axis is de-
pendent on both vibration frequency and mass-
ratio. For H2 the directions nearly coincide for
all solutions. The defect increases through S02
to CFO, and is always greater for the mode of higher
frequency {i.e., nearer to the short axis). In Fig.
6, the variation of axis-length is shown as a con-
tinuous plot against d12 and in Fig. 7 the directions
of the axes are similarly plotted. The dependence
of this plot on the mass-ratio is rather striking;
in C1D the type of curve is essentially different.
However, this does not affect the continuity of the
axis-length plots.
V. Conclusion

The above treatment of the symmetrical tri-
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atomic system gives a clear picture of the implica-
tions of any particular potential function; from the
two directions allowed to the normal modes the
potential gradient opposing motion along any other
direction has been deduced. Such a treatment, or
its inverse, would probably be found convenient
in quantum mechanical calculations of potential
functions, but the results have some intrinsic in-
terest. The fact that all directions other than those
corresponding to the normal modes are in general
“unobservable” should be remembered; there is
some evidence9 that the value of a given force
constant may be dependent on the directions of
displacement. But this type of variation should
be only of the order of an anharmonicity correction.

The above work has been carried out as part of
the programme of fundamental research undertaken
by the British Rayon Research Association. The
author is grateful to Dr. Orville Thomas, of the
Edward Davies Chemical Laboratories, University
of Wales, Aberystwyth, for checking the calcula-
tion for Fig. 7 (c).

(9) P. Torkirgton, Proc. Roy. Soc., in the press.
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The infrared spectrum of hydrogen peroxide was re-examined and that of deuterium peroxide was measured for the first

time in the vapor state.

For the isotopic molecule five bands were observed at 480, 947, 1944, 2680 and 5236 cm.1 The

observed frequencies were combined with those of the Raman spectra to calculate the force constants of the various bonds.

Introduction

Hydrogen peroxide has a rather weak, non-
revealing infrared spectrum.I3 Only two bands
are prominent, corresponding to the asymmetric
OH bending and stretching modes. The 0-0
vibration is hardly noticeable in the vapor and the
overtones of 0-P1 bands show multiple overlapping
due to doublet splitting so that, even under high
resolution, very little of the rotational structure is
visible. Finally the torsional oscillation, to be
expected from the model of Penney and Suther-
land,3is very elusive; a broad absorption band at
16 p in the spectrum of the liquid has been assigned
to that mode4 although it could arise merely from
molecular perturbation in condensed phases.
Therefore, a study of the isotopic molecule D202
was desirable to provide further information on the
structure. The Raman5 and infrared4 spectra of
this compound in the liquid phase have been in-
vestigated but no work has been reported yet on
the vapor. It was hoped that such a study would
throw further light on the controversial question of
the 0-0 bond energy67, as it turned out, however,

(1) P. A. Giguere, J. Chem. Phys., 18, 88 (1950).

(2) L. R. Zumwalt and P. A, Gigu&re, ibid., 9, 458 (1941).

(3) W. G.Penney and G. B. B. M. Sutherland, Trans. Faraday Soc.,
30, 898 (1934); J. Chem. Phys., 2, 492 (1934).

(4) R, C. Taylor, ibid., 18, 898 (1950).

(5) F. Fehir, Ber., 72, 1778 (1939).

(fi) P. A. Giguere, Can. J. Research, B28, 17 (1950).
(7) A.D. walsh, J. Chem. Soc., 331, 398 (1918).

there still remains some uncertainty on the O-H
bond length in hydrogen peroxide.

Discussion of Results

The vibrational spectrum of deuterium peroxide
vapor was measured in the range 2-25 p with a
prism instrument. Experimental details, as well
as related studies on the absorption of alkaline
solutions of hydrogen peroxide, will be reported
elsewhere. For the present purpose the observed
frequencies are listed in Table | together with the
Raman shiftsé for both molecules. The coarse
rotational structure of the band at 3.7 p was partly
resolved and from the 10 or 12 observed maxima
the major rotational constants of D207 were calcu-
lated: A" - B' = 48 cm.-1, A" - B" = 51
cm.-1. Because of the limited resolution these
figures are less accurate than those for the two
overtone bands of hydrogen peroxide.

The assignment r2 + (B) now seems the only
possible one for the unexplained band at 2630 cm.-1
in HD2 and 1944 cm.-1 in DA 2, anharmonicity
requirements indicate that the frequency of r2
in the vapor must be slightly higher than had been
thought previously. The broad band of medium
intensity at about 660 cm.-1 in the spectrum of
crystalline HD 2 (at —70°) is shifted to 480 cm.-1
in the isotopic compound. The ratio of these
frequencies (1.37) is further evidence that they
belong to the torsional oscillation.
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Isotope Effect.—Application of the Teller-Red-
lich product rule to hydrogen and deuterium per-
oxides leads to the following equations for the
symmetric and the antisymmetric vibrations

= /jnV7 x | Afp.oA'A x [I?'YA

=

wj)20)3Wi \mnJ H20,/ \/3/
4 A = A'l Va x (iw y* 2)
W5W6 \™ D/ \MHio ./ \1112J
Tabre |
Vibrational Spectrum of Hydrogen and Deuterium
Peroxides
H202 > D2
Infrared Raman Infrared Raman
Assign- (vap.) (Ha.) (vap.) (lig.)
ment (cm. * A* (cm. ~I) (cm .-1) A* (cm. ).
Pi (a) 660° (m.) 4801 (rri))
pi (a) 877 (v.w.) 877 (v.s.) 877 (v.s.)
pi (b) 1266 (v.s.) 947 (v.s.)
pi (@) 1420 (w.) 1009 (w.)
Pt + %6 (B) ? 2630 (w.) 1944 (w.)
pi (a) 3414 (m.) 2510 (m.)
pi, (b) 3614 (s.) 2680 (s.)
7036.6 (v.w.)
pi + n (B) 5236 (v.w.)

7041.8 (v.w.)
10283.7 (v.w.)

3*$ (B) or
10291.1 (v.w.)
2*i + n(B)

0 In the solid at —70°.

where the symbols are those used by Herzberg
(reference 8, p. 232). The superscript D refers to
the isotopic molecule; Isis the moment of inertia
about the C2symmetry axis and 71, 'm>are respec-
tively the small and large moments about the other
two axes. Since the symmetric vibrations have
been observed only in the Raman spectrum their
frequencies are not known accurately because of
molecular association in condensed phases; con-
sequently equation 1 cannot provide much sig-
nificant information. The ratio II'/h = 112
obtained from the Raman shifts in the two molec-
ules is that to be expected within the limits of
accuracy of experimental data.

If the observed frequencies are used in equal on 2
the left-hand side will be greater than the right-
hand side due to the anharmonicities of the O-H
and O-D stretching vibrations. To correct for the
use of first-order, instead of zero-order frequencies
the left-hand side was multiplied by the factor

Aon + (ohV A

\koD + fcoD/

as suggested by Hedberg and Badger.8 The force
constants k and k' were calculated from the anti-
symmetric vibrations and appropriate structural
parameters as described below. The choice of the
latter has no great importance in the final result as
the correction term amounts to less than 1.7% of
the whole. The two sides of the modified equation

/I mv /!
\m /

M d, 01

M *o, X

v (kKoh + ~ bV a

\kor, + koJd

(8) G.Herzberg, “Infrared and Raman Spectra of Polyatomic Mole-
cules,” D. Van Nostrand Co., Inc., New York, N. Y., 1945.
(9) K. Hedberg and R. M. Badger, J. Chem. Phys., 19, 508 (1951).
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now differ by less than 1% and the ratio
(Z’1)1{1ih) is found to be 2.113 + 0.02.

Moments of Inertia—From the ratio of the
moments of inertia obtained by means of equation
3 an attempt was made to determine the range of
possible values for the azimuthal angle $ between the
two H -0-0 planes. These calculations were made
using the equations derived by Wilson and Badger
for H2S20 and verified following Hirschfelder's
general method1l of evaluating the moments of
inertia of molecules for which the orientation of the
three principal axes is not @bvious. The 0-0
distance was taken as 149 A. from X-ray1l and
electron diffraction datald3 and from application of
Badger’s rule to the 877 cm.-1 frequency; the O-H
distance and the O-O-H angle were varied from
their value in HD, 0.957 A. and 105.5°, respec-
tively, to 1.01 A. and 96°, the latter limits oeing
set by the measured rotational constants o: hy-
drogen peroxide.l The same parameters were
used for deuterium peroxide in accordance with
what has been found in other isotopic molecules.

The results of these numerous calculations are
summarized in the curves of Fig. 1, from winch it
appears that the azimuthal angle is comprised
within the range 82 + 20°. Previously it had been

1.— Variation of ratio I®I"/1J2 with the azimuthal
angle for the following values of the parameters:

Fig.

Curve Ru-ii (A.) TGa (°) 0 (%)
A 0.957 101.2 0
A' 973 105.4 0
B .957 97.8 90
B' .987 105.4 90
C .957 96.0 180
c 1.01 105.4 180

concluded that this angle should not be between
85° and 95° because of irregular intensity dis-

(10) M. K. Wilson and R. M. Eadger, ibid., 17, 1232 (1949)

(11) J. O. Hirschfelder, ibid., 8, 431 (1940).

(12) S. C. Abrahams, R. L. Collin and W. N. Lipscomb, Acte Cryst.,
4, 15 (1951).

(13) P. A. Giguére and V. Schcmaker, J. Am. Chem. Soc., 65, 2025
(1943).
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tribution near the center of the combination band
of H202 in the photographic infrared.2 Angles of
94° and 106° have been found in the crystal
of hydrogen peroxideiz and its addition com-
pound with ureais but these variations are easily
understood in view of packing constraints. Figure
2 shows the locus of possible values for the three
uncertain parameters.

Fig. 2.— Locus of possible O-H distances and O-O-H
angles for 0°, 90° and 180° azimuthal angles fitting the rota-
tional constant X 01° 9.23 cm ."1for H20 2

Force Constants.—A quadratic potential func-
tion has been assumed by Morino and Mizushimais
for the S2CL2 molecule of C2 symmetry, which in the
case of H202 becomes
Vv =

~Nico-0(AR)2+ i Ao_h[(Ari)2 + (Ar2)2] — KO- K AnArt

+ 270KAai)2 (Acr2)2] — S'r,AaiAa-> + y (A<£)2 (4)

The symbols have the following meaning: AR,
An, Ar2 are the changes in the 0-0 and the two
O-H distances, r0being the equilibrium O-H dis-
tance, Aai and Aaz are the changes in the angle
between the O-H bonds and the extension of the
0 -0 bond, and Ad; the change in azimuthal angle.
k, sand 7 are the force constants for the squared
terms, and k' and s' are those for the crossed terms.
This potential function has proved unsatisfactory
in the case of D202 yielding imaginary values for
ko-o and (Zood + fc'o-D)- It was therefore neces-
sary to add to die potential function an interaction
term of the form (k"rOARAa) where k" is a non-
diagonal element which cannot be eliminated in the
d matrix of Torkington.is The elements of the
A matrix of Torkington associated with the ap-
propriate internal coordinates have been given by
Decius.17

The secular equation may be factored into two
equations, one corresponding to the symmetric,
and the other to the antisymmetric vibrations. As
the antisymmetric vibrations have been measured
directly in the vapor of hydrogen and deuterium

(14) C. s. Lu, E. w. Hughes and pP. A. Gigudre, J. Am. Chern. Soc.,
63, 1507 (1941).

(15) Y. Morino and S. Mizushima, sci. Papers Inst. Phys. Chem
Research, 32, 220 (1937).

(16) P. Torkington, J. chem. Phys.. 17, 1026 (1949).
(17) [Ti Ok Decius, ibid,, 16, 1025 (1948).
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peroxides the following quantities are obtained

readily
fco-u + K'o-H = 7.29 X 10sdynes/cm.
k0-D + A'g-d = 7.56 X 10sdynes/cm.
Sooh + Sooh = 0.848 X 10sdynes/cm.
pood + 5'cod = 0.858 X 105dynes/cm.

The following data were used in calculating these
force constants:

R> = 1.49 A. (ir — ««) = 102°

ro= 0.97 A. 4= 82°

The values of (ko-a + ko-n) and (ko-n and & -d)
are insensitive to the assumed azimuthal angle.
Thus for = 90° there obtains

(fco+n + Xo-h) = 7.29 X 105dynes/cm.
(fco-n + fco-n) = 7.57 X 106dynes/cm.
G ooh + “ooh) = 0.841 X 105dynes/cm.

(Soon T (ood) = 0.844 X 105dynes/cm.

On the other hand the solution of the secular
equation corresponding to the symmetric vibrations
is much less accurate because of the uncertainty
on the frequency of vh v2 and v (v3 is certainly
very close to 877 cm.-1 in the vapor of both H202
and D203. The fundamental frequencies listed
in Table Il were selected as the most probable for
calculating the force constants.

Table Il

Fundamental Frequencies and Force Constants of

Hydrogen and Deuterium Peroxides

Force

(ecm. 1)  H202 ILO, h202 d202
W\ 3610 2670 fco-H 7.28 7.53
\| 1315 1000 kb-n <0.01 0.03
\z 877 877 Ono 3.84 4.04
\a 660 480 GooH 0.89 0.95
w 3614 2680 GQOH - .04 - .09
\G 1266 A7 y A1 A1

N:H .30 .58

The discrepancy of about 5% between the CM
stretching force constant in H202 and D202 is not
considered significant in view of the uncertainty
in some of the fundamental frequencies, specially
B2. A further attempt is now being made to locate
this vibration in the infrared spectrum of both
molecules in the vapor state.

It is interesting to compare the present constant
Ao-hin H202 with that in H20, 7.76 and in the O-H
radical, 7.108 From these the O-H bond length
in H20 2 is estimated to be 0.97 + 0.01 A., a value
slightly greater than in H2 as already concluded
from the measured rotational constants of the
molecule.1 The range of uncertainty on this datum
could possibly be narrowed further by a study of the
overtone bands of deuterium peroxide. Measure-
ments of the microwave spectrum undertaken re-
cently in another laboratoryis may also be valuable
in that connection.

This investigation is part of a research program
supported by a grant from the National Research
Council of Canada.

08) T. Messey ad Bx R» Bianco, private commrunication,
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The molecular structures of a variety of volatile fluorides will be reviewed; electron diffraction data on several compounds

not previously investigated wifi be presented.

about which conflicting conclusions have been reached by diffraction and spectroscopic techniques.
the “unexpected features” either in configuration or in interatomic distances which appeared in some of the fluorides.
molecules will be compared with their chloride and alkyl analogs.

One of the objectives of this paper is to call attention to those compounds

Another, is to discuss
These
Finally, a number of compounds will be listed whose struc-

tures should be investigated in order to supply the crucial tests for the explanations offered to account for the differences

between the fluorides and the alkyl derivatives.

The descriptions generally given of the bond-types which characterize the M -F linkages in the volatile fluorides involve

the concepts “high electronegativity;
account for the “
observed facts.

ionic character” and “multiple bond resonance.”
unexpected features,” the explanation must be considered as being no more than a formal restatement of the
Scrutiny of the latter suggests that insufficient consideration is generally given to the hybridization of atomic

When invoked simultaneously to

orbitals required to represent the molecular orbitals in these molecules.

Interest in fluorine and its compounds has been
mounting steadily during the past two decades
because in a number of respects the properties of
that element are unique. In this review | wish to
re-emphasize one of the particular characteristics
of fluorine, the fact that it exhibits in its com-
pounds a very wide range of bond types. Had we
an adequate theory of valence which would present
a unified interpretation of the structures of these
compounds, their heats of formation, their dipole
moments and spectra, it would indeed be a good
general theory. We are not in this fortunate
position, for there are many points which cannot be
explained as yet, and the accounting which is offered
consists mainly of a patchwork scheme of correc-
tions to an oversimplified theory.

I have three objectives in presenting this review:
(@) to call attention to the “unexpected” configura-
tions, bond distances and bond angles which have
been reported for a number of fluorides; (b) to
indicate that inconsistencies among different experi-
ments on the structures of some fluorine compounds
are at present unresolved; and (c) to suggest some
experiments which merit the expenditure of some
thought and work. To facilitate this, | shall com-
pare the structures of a number of fluorides with
those of the corresponding chlorides and alkyl de-
rivatives; also, | shall present unpublished prelim-
inary results of structural studies of two fluorides.

This review will be limited to structural data,
even though bond lengths and angles when deter-
mined to an accuracy of 1% may not be as sensitive
measures of bond character as are other molecular
constants.t Historically, interatomic separations
have been recognized as direct criteria for chemical
binding and are supposed to be simple to interpret.
The review is further restricted to the volatile com-
pounds containing fluorine even though much in-
formation may be uncovered from the study of the
structures of the numerous fluoride complexes.2
However, in spite of these limitations this summary

(1) Perhaps the quantity which is the most direct gage of bond
character is the heat of dissociation of the bond, leaving the fragments
in their “valence states.” Unfortunately, these molecular constants
are very difficult to estimate, let alone measure. For a general discus-
sion of heats of formation of various fluorine compounds, etc., see
CL Glockler, Chapter X of “Fluorine Chemistry,” J. H. Simons, Ed*,
Academic Press, Inc., New York, N. Y.. VoL I, 1950.

(2) For a brief summary of these complexes and for references to
structural data, see H. J. Emel6us, Chapter | of “Fluorine Chemistry,”
ref. 1; A. F. Wells, “Structural Inorganic Chemistry,” Oxford, 1945;

may suggest a fresh approach to the general prob-
lem.

To define the field of discussion more carefully,
I shall arbitrarily designate as “volatile” those
compounds which are stable and which have suffi-
cient vapor pressure at some temperature up to
about 400° to give adequate electron diffraction
photographs or micro-wave spectra for structure
determinations. The range covered includes num-
erous compounds; a selection of typical ones for
each element is presented in Table I.

Table | was prepared with the aid of the excellent
summary of the chemical and physical properties
of the volatile fluorides by Burg.3

In order that a unified analysis of the available
data may be presented, | have formulated four
questions, and | will attempt to answer these for
groups rather than for individual compounds. (1)
In MF,,, are all the M-F bonds equivalent? (2)
For several states of oxidation of M, is there any
evidence that the bond characters changes with
increase in nf  (3) In compounds of the type M XPR
Fg, are the M-F and M -X bond distances depend-
enton p and g? (4) Aside from the obvious differ-
ences in physical properties, in the sequence MF,,,
MCt,, M(CHS,, are there indications of changes
in bond character—from “unexpected” values for
the M -X distances?—from the magnitudes of
bond angles?

The answer to the first question is “generally,
but not always” ; to the second, “all differences in
interatomic distances which have been observed are
no larger than the experimental error.” To the
third and fourth questions the answers are in the
affirmative. Now for the details.

To date, the non-equivalence of M-F bonds has
been established in five fluorides only, by diffraction
techniques; in three of these cases this conclusion
is contradicted b\r spectroscopic data. For a
summary, refer to Fig. 1.
J. L. Hoard and W. J. Martin, J
recent issues of Acta Crystallographica

(3) A. B. Burg, reference 1, Chapter II.

(4) The term “bond character” implies the detailed electronic dis-
tribution in the region immediately adjacent to a selected pair of atoms.
It includes factors which are generally called polarity, hybridization,
molecular resonance, etc. One might consider the spectrum in “bond
character” to extend from the extreme ionic, condensed type of bind-
ing present in crystalline NaF, through that which is present in NaF
vapor, on to the intermediate cases BF3 and oF2; with Fa at the other
extreme (covalent).

Am. chem. Soc., 63, 11 (1941), and
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Table |

Typical Volatile Fluorides

Diatomic molecules which have been observed spectroscopically in electrical discharges, are not included.
marked [ ] are currently under investigation in various laboratories.

Compounds
Compounds marked ( ) have been prepared and

characterized, and found to be sufficiently volatile for study. Compounds marked (( )) have been prepared but may prove

unstable or insufficiently volatile.

i v \Y \ 1
BF, CF, NF, of2 2
Me,N:BF, C2x4;, C28 N 24 NOjF
c,h 6F ONF (NO2F)
hc= ccf3
[F2c 0] pf3 (SF*) C1F
SiF, PFj sT6 C1F,
(SiCbFs) POF, SF,0
(SbOFe) (PAN 4C14F 4) (FsCSF#6)
H,CSiF3 so2F2
[SOF2] (SOF4)
IVa & b vB va VIB VIA Vlilb
(Vto (CrF4
(CrFe)
(Cro2r2)
(TiF.)
(GeCljFj) (SeOFj)
(GeF,) AsF, (SeF4) BrF
GeCIF, (AsFs) SeF6 (BrFj)
(CbFj) M oF 6 (BrFe) (RUF,)
((RhFe)
IvB VB Va VIB VIA Vilb
((SnF4) (SbF2) ((TeF.)) IF
(SbFe6) TeF, IF,
IF,
(TaF.) WF, (ReF6) (OsF.)
(IrF.)
[ReOF4] OsFs
(BiFs)
UF,

The electron diffraction data are presented in the
form of the radial distribution curves because |
tvish to stress the fact that these data lead to the
non-equivalence on direct analysis, without the
necessity of introducing assumed models in the
computation of intensity curves. The “expected”
M -F separations were computed according to the
equation of Schomaker and Stevensoni3 using
reasonable magnitudes for the electronegativities,
and estimates of the atomic radii from the M-M
separations in the corresponding elements. 14
Clearly, further more extensive and careful electron
diffraction studies will have to be undertaken for
the iodine compounds, but the structures of the
hexafluorides of molybdenum, tungsten and ura-

(5) R. C. Lord, etal.,, 3. Am. Chem. Soc., 72, 522 (1950)— spectro-
scopic study.

(6) R. Warthaftig and V. Schomaker, Atlantic City Meeting,
A. C. S, April, 1947, Abst. 33 Phys. and Inorg. Division.

(7) R. L. Scott, J. Chem. Phya., 18, 1420 (1950).

(8) Unpublished (sector) data: S. H. Bauer.

(9) H. Browne and P. Pinnow, Z. physik. Chem., B35, 239 (1937).

(10) Private communications from Dr. Otto Bastiansen, 1951. The
visual technique was used in these investigations.

(11) S. H, Bauer, J. Chem. Phys.. 18, 27, 994 (1950) (sector data).

(12) G. E. Kimball, ibid., 8, 188 (1940); F. G. Fumi and G. W.
Castellan, ibid., 18, 762 (1950).

(13) V. Schomaker and D. P. Stevenson, J. Am. Chem. Soc., 63, 37
(1941).

(14) R. W. G. Wyckoff, “Crystal Structures,”
lishers, Inc., New York, N. Y., 1948, Chapter II.

Interscience Pub-

nium have now been independently investigated
in three laboratories, using samples of widely
different origins; all lead to the same general con-
clusions.

The current difficulties with MoF6 WFs and UFs
may be summarized as follows: The electron dif-
fraction data unequivocally require that twro sets
of distances (three each) be present in these mole-
cules when in the vapor state. It is barely possible
that the molecules have the symmetry Vvh, with
three sets of two, the difference between the last
two pairs being so small that it is not resolved in the
radial distribution curves. This unexpected type
of bonding, however, must, it seems, be characteris-
tic of both fluorine and these metals, since: (1)
The hexafluorides of sulfur, selenium and tellurium
were demonstrated to be regular octahedra by elec-
tron diffraction.1s (2) The hexacarbonyls of molyb-
denum and tungsten, and the hexachloride of the
latter were shown to be regular octahedra by elec-
tron diffraction.;s5 On the other hand, the Raman
spectra of MoFs and WFs are best interpreted on
the assumption that the molecular symmetry is
Oh.16 Raman and infrared data on UF¢ are con-

(15) For general summary of electron diffraction data refer to P. W.
Allen and L. E. Sutton, Acta Cryst., 3, 46 (1950).

(16) K. N. Tanner and A. B. F. Duncan, J. Am. Chem. Soc., 73, 1164
(1951).
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sistent with the same symmetry (Oh).7 The
measured entropy for UFs combined with the
above spectral data require the assignment of a
high symmetry number to the molecule (&= 24).1%
Finally single crystal X-ray diffraction data on
UF¢ are best accounted for by a structure of the
symmetry Du,, with four U-F distances in a plane
(2.02 £ 0.05 A.) and two extending perpendicular
to that plane (2.13 + 0.10 A.).10 Crystal powder
data on UC1s are easily explained on the basis of a
regular octahedral arrangement.2czc The dipole mo-
ment of UFs in the vapor phase is less than 0.3 D.n

At present, further repetition of the above ex-
periments does not appear to be a fruitful pursuit,
but the design of new crucial experiments is neces-
sary. Electron diffraction studies of other volatile
compounds of these three metals would indeed be
worthwhile; a study of the infrared spectra of the
three fluorides under very high dispersion may give
a clue as to the basis of the difficulty; precision
X-ray diffraction data on the gaseous fluorides may
help. Furthermore, determination of the struc-
tures of the volatile fluorides of the elements ad-
jacent to the Vlagroup would indeed be interesting;
for instance, if a sufficient vapor pressure of TeF4
could be obtained it would prove to be an intriguing
substance to investigate, since TeCb was shown
to have a distorted trigonal bipyramidal structure,
rather than a tetrahedral configuration.22 If the
non-equivalence of the above M-F distances is
substantiated, this unexpected feature will have to
be specifically accounted for by any theory of
valence which pretends to be adequate. In this
connection, an unexpected result appeared in the
structure of phosphorus pentafluoride, which is a
trigonal bipyramid, with equivalent P-F distances
(.57 £ o0.02 A.)23 electron diffraction data on
pentachloride require two P-CI distances. 2

With regard to the second question, consider the
following typical pairs of compounds, MFrek:MF,,

OsF8:0sF6 AsF5AsF3 UFgUF,
IF7:1F5 GeF4:G('F2 VF6:VF,,
SeF6:SeF4 T1F3:T1F

(17) Bigeleisen, Mayer, Stevenson and Turkevich, J. Chem. Phys.,
16, 442 (1948). See also, D. F. Heath and J. W. Linnett, Trans.
Faraday Soc., 45, 264 (1949).

(18) (a) Brickwedde, Hodge and Scott, J. Chem. Phys., 16, 429
(1948), calorimetric heat capacities; (b) B. Weinstock and E. H.
Crist, ibid., 16, 436 (1948), vapor pressures; (c) C. B. Amphlett, etal.,
reference 21(b) also measured vapor pressures; (d) J. F. Masi, J.
Chem, Phys., 17, 755 (1949), heats of vaporization; (e¢) H. J. Hoge and
M. T. Wechsler, ibid., 17, 617 (1949), liquid densities; (f) J. R. White
and A. E. Cameron, Phys. Rev., 71, 907 (1947), critical ionization
potentials.

(19) J. L. Hoard and J. D. Stroupe, Columbia Report A-1242 (March
1944); declassified on October 7, 1946.

(20) W. H. Zachariasen, US—AEC publication, Tech. Inf. Division,
Oak Ridge, No. AECD-2184 (Jan. 1948).

(21) t9 C. P. Smyth and N. B. Hannay, Princeton Report A-2130;
(b) Amphlett, Mullinger and Thomas, Trans. Faraday Soc., 44, 927
(1948).

(22) D. P. Stevenson and V. Schomaker, J. Am. Chem. Soc., 62,
1267 (1940).

(23) L. O. Brockway and J. Y. Beach, ibid., 60, 1836 (1938).

(24) M. Roualt, Ann. Phys. Leip., 14, 78 (1940), reported 2.01 and
2.07 A. Also, L. Pauling, “ Nature of Chemical Bond,” Cornell Uni-
versity Press, Ithaca, N. Y., 1939, p. 103, quotes unpublished e. d. data
by V. Schomaker which require that the two P-Cl bonds extending to
the apices of the trigonal bipyrainid are 2.11 A., whereas the three in
the plane are 2.04 A.
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Fig. I.°— Summary of structures of five volatile fluorides.

* Note Added in Proof. D. F. Smith [Bull. Am. Phys. Soc., 27,
Abst. Oil (1952)) reported on the basis of microwave studies that
ClIFg is a planar molecule (syrn. C2y) with two Ci-F = 1.70 A. and the
other CI-F = 156 A. Hence chlorine trifluoride belongs with the
above group of five molecules wherein the N-F distances are not all
equivalent.

For pairs such as are included in the first and
second columns, structural data for comparisons
are available only for IF7:IF5 and PFé&:PF3
Within the experimental error, the interatomic
distances do not reflect differences in bond character
for these pairs.

PF-, (1.546 = 0.02 A)

IF5(1.85 and 2.17 A.tyulFe (1.83 and 1.94 A))

However, that an effect due to differences in co-
ordination is present appears from the marked
differences in their physical and in their chemical
properties. One might anticipate from the prin-
ciple bf “the tendency toward” electroneutrality2s
that the M-F bonds in MF,+2 have a somew'hat
lower polarity than those in MF,, in order that
too high a positive charge not accumulate on the
central atom in the (w + 2) compounds. The
higher volatility of the latter follows from their
higher symmetry and more effective screening of the
molecular quadrapoles, etc., by a slightly polariza-
ble shell of fluorine atoms. Differences between
pairs such as UF6 UF4 and VF5 VF3 are probably
greater than can be accounted for from relatively
small differences in the magnitudes of the dis-
persion forces. Since the cation-anion radius
ratios favor the higher coordination, the much
lower volatility of these (n) compounds is probably

(24a) Since the structure of iodine pentafluoride is still unsettled, and
that of the heptafluoride has yet to be confirmed, the significance of the
difference between the larger distances cannot be assessed.

25
tu:e,“) Victor Henri Commemorative Volume, Desoer, Liege, 1948,
p. 4.

0.010 A.):PF5(1.57 =

L. Pauling, “Contribution to the Study of Molecular Struc-
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Table |l
E ffect of Fluorine Substitution on M-F and M-X Bond Lengths
() indicates assumed value
Compound M-F M -X Ref. Compound M-F (é—_((:: M -X Ref.
h3f 1.384 30 h2=ch?2 1.353 33
hcf3 1.323 30 h2=cf2 1.321 1.311 34
FaCCl 1.323 1.765 30 f2c= cf2 1.311 1.311 34
HCCh 1.761 31 cl2c=cci12 1.30(0.03) 1.72 (0.01) 35
HacCc1 1.779 30
cci14 1.765 15 HaC—C=CH 1.460 1.207 36
lie ¢ n 1.460 (1.160) 30
ILCBr 1.936 30 FaC—C=CH 1.835 1.464 (1.201) 37,37a
FXBr 1.326 1.933 32 Il—C=C—ClI 1211 38a
HaCl 2.144 38 HaC— CHS 1.54-1.57 15
FX1 (1.326) 2.162 32 FaC— CHa 1.33 1.54 39
FaC— CFa 1.34 1.52 40
Hax—CN 1.460 30
FC—cn (1.326) 1.492 32
H3SiF 1.593 30
1ISiFa 1.561 30
FaSiCl 1561 1.983 30
HasicCl 2.048 30
H3EiBr 2.209 30
F3XBiBr 1.560 2.147 30
H3GeCl 2.147 30
CIGeF, 1.68s 2.067 30

a consequence of coordination which extends
throughout the crystals.2

Of special interest to the theory of valence is the
affirmative answer to the third question, at least
as it pertains to the M-F bonds. This might
have been anticipated from the established effect
of bond order of C-C bonds on the bond distance
and bond force constant of adjacent C-H and C-ClI
bonds.2r28  The consequences of successive fluorine
substitution for hydrogen in methyl fluoride on the
C-F bond length were first pointed out by Brock-
way.29 The redetermination of some of the struc-
tures from micro-wave absorption data leaves no
doubt as to the reality of the effect; furthermore,
it is definitely not limited to carbon as the central
atom. Typical data are summarized in Table II.

Due to the fact that molecules of the type X2CF2
X2SiF2 are asymmetric rotors, and their micro-
wave spectra cannot be readily analyzed in terms of
interatomic distances, one cannot demonstrate
directly the effect of successive substitution at each
step, to the precision desired. However, the
electron diffraction data suggest this, and it is
evident from the micro-wave data that three
fluorine atoms on a central M atom lead to smaller
M-F distances than are present in the HiIMF com-
pounds. This is reflected in the magnitudes of the
force constant for stretching of the C-F bond;

(26) Recent crystal structure determination of the trifluoridcs of
molybdenum, tantalum and vanadium were made by V. Outinann and
K. H Jack, Acta Cryst., 4, 244, 246 (1941). An interesting comparison
is presented between these three fluorides and AiF3, ScFa.

(27) C. A. Coulson, "Contribution to the Study of Molecular Struc-
ture,” ref. 25, p. 15, discusses the effect of varying s-p hybridization
on the atomic radium of carbon.

(28) J. Duchesne, ibid., p. 55, tabulates the force constants deduced
for C-H and C-CI bends adjacentto C-C, C=C and C=0 bonds. See

also M. Szwarc and J. W. Taylor, Trans. Faraday Soc., 47, 1293 (1951).
(29) L. O. Brockway, T his Journal; 41, 185 (1937);

thus compare CIXF [4.95 X 105 dynes/cm.] with
CF4 HCF3 and C1CF3 [6.25 X 105 dynes/cm. j.4
In an equally dramatic manner the effect appears
in the heats of vapor phase chlorinations2 (Table
I11), and in the ultraviolet absorption spectra of
perhaloethylenes and butadienes.43 44

Table 111

Heats of Valor Phase Chlorination

Compound —aT1 (cal./mole)
cfZ cci2 41,076
CF,=CF(CF:0 47,149
OK»=CFC1 48,815
cf,=cf2 57,828

Whereas the consequence of successive sub-
stitution of fluorine for hydrogen on the M-F
bonds in partially fluorinated compounds is clear
cut, the effect on the adjacent M -X bonds appears
to vary with the nature of the central atom and
of X. The trend shown by Brockway'’s diffraction
data on the fluorochloromethanes in the “shorten-

(30) Quoted from a summary paper by J. Sheridan and \V. Gordy,
J. Chem. Phys., 19, 965 (1951).

(31) R. R. Unterberger, et a!., ibid., 18, 565 (1950).

(32) J. Sheridan and W. Gordy, Phys. Rev., 77, 292 (1950).

(33) G. Iferzberg, "Infrared and Raman Spectra,” D. Van Xostrand
Co., Inc., New York, N. Y., 1945, pp. 439, 520.

(34) T. L. and J. Karle, J. Chem. Phys., 18, 971 (1950).

(35) I. L. and J. Karle, private communication.

(36) R. Trambarulo and W. Gordy, ./. Chem. Phys. 18, 1613 (1950).

(37) W. E. Anderson, et al., Phys. Rev.. 82, 58 (1951).

(37a) J. N. Shoolery, et al., 3. Chem. Phys., 19, 1334 (1951).

(38) (a) J. W. Simmons, Phys. Rev., 76, 686 (1949); (b) A. A. Wes-
tenburg, et al,, J. Chem. Phys., 17, 1319 (1949).

(39) W. F. Edgell and A. Roberts, ibid., 16, 1002 (1948).

(40) S. H. Bauer, U. S. AEG, Document no. MDDC 1494 (1946).

(41) G. E. Decker, étal., J. Chem. Phys., 19, 784 (1951).

(42) J. R. Lacher, etal.,, 3. Am. Chem. Soc., 71, 13150, 1334 (1949).

(43) E. Rutner and S. H. Bauer, unpublished data.

(44) J. R. Lacher, et al.,, 3. Am. Chem. Soc., 72, 5486 (1950).
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Table IV
E ffect of Fluorine Substitution on Barrier Heights, etc.
(P—s (P—F Barrier,

Compound IP—0 IP—CI References Compound cal./mole References
pf3 1.546 (0.01) 46 H3C— CHa 2700 33
PC13 2.043 47 HaC— CCI, 2840 + 500 49
PSF3 C1.87(0.03) 1.53 (0.02) 48 h3x—cf3 3450 33
PSCh j 3000 £+ 200 50

; 1.85 (0.02) 2.02 (0.01) 48 FaC— CF;( 4350 51

Che—cela 10 - 12 K 52

POF3 i 1.47 (0.03) 1.52 (0.02) 48 HaC— SiFa 1200 30
POCb \ 1.45 (0.03) 1.99 (0.02) 48 Si=(CHa)4 1280 33
C=(CHa)4 4200 33
(CHa)C— C(CHa)a 4700 52a

HaC— SiFs 625 52b

° Average value per group.

ing” of the C-CI distance has been confirmed for
the corresponding Si and Ge compounds. How-
ever, the C-Br distance in methyl bromide and in
trifluorobromomethane are about equal. This is
underlined by the near equality in the bond dissoci-
ation energies for C-Br in methyl bromide (67
kcal.) and trifluorobromomethane (— 64 kcal.).4
The much lower dissociation energy for C-Br in
trichlorobromomethane (— 48 kcal.) is somewhat
surprising. The suggestion that in the methane
derivatives, due to the shortness of the C-halogen
bonds, steric factors undo the stabilizing effect of
fluorine substitution is supported to some extent
by the observed distances in the silane derivatives.
The Si-Br bond distance in FSiBr is about 0.06 A.
less than in HsSiBr.

The effect of fluorine substitution on the length
of the C-C bond in ethane is probably negligible,
but perhalogenation of ethylene leads to a short
C=C distance, for either fluorine or chlorine. The
C-C and C=C bond distances in trifluormethyl-
acetylene differ slightly from those in methyl-
acetylene.

Lest we prematurely reach the conclusion that
only fluorine substitution induces such effects on
adjacent bonds, note that the C-CI separation in
chloroform and in carbon tetrachloride is reported
to be equal to that in trifluorochloromethane, and
that the P-S and P -0 distances in PSX3and PO X3
do not depend on whether X is chlorine or fluorine
(Table 1V.) There are indications that the other
halogens behave in a similar, though not in so
striking a manner. This conclusion was reached by
Skinner and Suttons3 on the basis of electron diffrac-
tion studies of mixed halogen-alkyl compounds of
tin, arsenic and nitrogen.

(45) M. Szwarc, J. Chem. Phys., 18, 1660, 1685 (1950).

(46) O. Gilliam, et al., Phys. Rev., 75, 1014 (1949).

(47) P. Kisliuk and C. H. Townes, J. Chem. Phys., 18, 1109 (1950).

(48) W. Gordy, private communication.

(49) M. T. El-Sabban, et al., 3. Chem. Phys., 19, 855 (1951).

(50) H. S. Gutowsky and li. B. Levine, ibid., 18, 1297 (1950).

(51) E. L. Pace and J. G. Aston, J. Am. Chem. Soc., 70, 566 (1948).
However, it is doubtful whether they used the correct moments of
inertia for the molecule.

(52) S. Mizushima, et al., 120th ACS Meeting (1951), Phys. and
Inorg. Division; also, J. Chem. Phys., 17, 838 (1949).

(52a) D. W. Scott, et al., X1l International Congress (1951), Fuel,
Gas and Petroleum Division.

(52b) P. Kisliuk and G. A. Silvey, private communication.

(53) H. A. Skinner and L* E. Sutton, Trans, Faraday Soc., 4.0, 164
(1944)1

There is a marked effect of the height of the
potential barrier hindering rotation about the C-C
bond in ethane, when the hydrogen atoms on one
carbon are replaced by fluorines; chlorine atoms
show no such effect (Table 1V). In perfluoro-
ethane, the barrier appears to be even higher than
CH3CF3 Spectroscopic data indicate that the
C-C distance in methyl fluoroform is the same as in
ethane.3s A similar raising of the barrier height
cannot be directly demonstrated for fluorine sub-
stitution on silicon, since specific heat and spectro-
scopic data are not yet available for methylsilane.
One may infer that the effect is present from the
near equality of the barrier for methyltrifluoro-
silane and tetramethylsilane; presumably, methyl-
silane would have a lower barrier than either of
these, corresponding to the relative values for
ethane and neopentane. The very large barrier
hindering rotation in hexachloroethane is clearly
a steric consequence of the bulky chlorine atoms.

It is probably correct to infer that the large
barrier in hexafluoroethane is due to the large re-
pulsions between the non-bonded fluorine atoms,
rather than to the effect of perhalogenation on the
C-C bond. Such large repulsive forces had to be
postulated to account for the non-planarity of
octafluorocyclobutane,ss and for the apparent strain
present in hexafluoropropane.ss Although per-
fluorination induces at most a slight structural
change in the adjacent C-C bonds, the chemical
effects appear to be profound.és Indeed, the ease
of formation of four-membered ring systems, as
are present in CjFs, CeFio, CsF12 is anomalous from
the point of view of hydrocarbon chemistry.
The extent of fluorine substitution is crucial,;
thus no cyclobutane results from the heating of
FC1C=CC1F but good vields are obtained from
F,C=CF:2and F2C=CC12

The answer to the last question, as to whether
the observed bond distances and angles in the
volatile fluorides, chlorides and the alkyl analogs
indicate trends in bond character, is also in the
affirmative. The starting point of the following

(54) li. P. Lemaire and R. L. Livingston, J. Chem. Phys., 18, 569
(1950); W. F. Edgell, ibid., 18, 571 (1950).

(55) F. A. M. Buck and R. L. Livingston, ibid., 18, 570 (1950).

(56) For a general review, refer to: Symposium, Ind. Eng. Chem..
39, 359 (1947); “Fluorine Chemistry,” ref. 1, Chapters 11-15; J. H.

Hildebrand and R. L. Scott, “Soli.bility of Non-Electrolytes,” Rein-
hold Publishing Corp.j New York, N. Y., 1950;
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set of graphs is the postulate of the additivity of
atomic radii. At this late date one need no longer
attempt to justify its use (because its usefulness has
been adequately demonstrated), but one should not
grow weary stressing its empirical origin and its
approximate validity. Whatever the scheme which
appeals to a particular investigator, it starts with
a table of assigned radii for ionic or covalent bond-
ing, and a formula for combining these in order to
make predictions of interatomic distances. In the
following, the Schomaker-Stevenson:s formula,
and their table of radii (slightly adjusted and ex-
panded for the heavier atoms) were used to compute
the expected values. To facilitate the comparison
with the observed distances, three quantities were
defined:

d.M-F = r« tf — 0.09 kf - £m]
A = ((¢M-F — dobad.)
a”n ((m-ci —¢m-Ff) = 0.36, for x ci > Zm
BS3 (¢(M-CH! — ¢m-f) = 0.185, for xcm > zm

— (0.635 — 0.18 Xm), for xchi < xu

Thus A is a direct measure of the unreliability of
this procedure for making predictions in the case
of the fluorides; a and p measure the self consist-
ency of the procedure, using the radii and electro-
negativities assigned to F, Cl and C. The magni-
tude of the deviations for a, 3should be of second
order, unless the bond character in the fluorides
differs from that in the corresponding chlorides and
alkyl compounds. The precision of the electron
diffraction data is 1% in most instances, whereas
the micro-wave values are good to 0.005-0.010
A. Reference to Fig. 257 shows that the deviations,
A, are considerably outside the assigned limits of
error. This should surprise no one; indeed, the
expectation that simple additivity will hold in all
cases would have been strikingly naive. The usual
procedure is to correct the values computed by
means of the formula, for “special effects.” In
doing so, the implicit assumption is introduced

Fig. 2.“— “Unreliability index” for volatile fluorides.

(57) In this figure, each pair of A’'s computed for MoF«, WFg, UFi
and IF7 are joined by a vertical line. Also, two points are given for
HCFj, marked /A and *r, to indicate the origin of the data. Were
Gordy’s radii used for carbon and oxygen (J. Chem. Phys., 15, 81
(1947)), the points for HCFj, CF*, HjCF, OF2 and NOaF would be
shifted upward by 0.01 A.
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that the bond between any selected pair of atoms in
a molecule depends primarily on the bond proper-
ties of the individual atoms, these properties being
averaged over that empirically observed in many
compounds where each atom appears to be in a
“normal valence state.” To make a good predic-
tion for a bond in a particular case, corrections
must then be made for the influence of the re-
mainder of the molecule, either through the ad-
jacent bonds or resonance involving the molecule
as awhole.ss

Reference to Figs. 361 and 462 demonstrates in a
direct manner that the bond character in the
A'olatile fluorides must differ from that present in
the corresponding chlorides and methyl derivatives,
regardless of the interpretations proposed for the
magnitudes of the A’'s in Fig. 2. Not only do the
observed values of a and fSdiffer from the predicted
ones by much more than the assigned limits of
error, but they vary in a way as to eliminate the
possibility that a simple reassignment of the
fluorine radius will set matters right.

This is not unexpected. Even though fluorine is
considerably more electronegative than chlorine,
its compact electronic structure necessitates that it
approach closely to an atom in order that bonding
take place. Possibly, this permits bond orders

(58) The “special effects” which have been proposed at various times
as explanations for the deviations of the computed from the observed
distances are numerous. Considerable data have accumulated in sup-
port of the following: (A) Molecular resonance results in over-all
stabilization, and in giving most of the bonds an order higher than that
used in the simple formula; A > 0 (this is the most striking, and the
first factor recognized).® (B) The extent of s-p-d Hybridization:
Thus, if the tabulated radius is for sp3hybridization, then A < 0 in-
creasingly, as one goes to sp2 sp; and conversely when the relative
amount of p contribution is increased; this is less striking but impor-
tant, and the factor most recently recognized.ZZ (C) The appearance
of formal charges53 The consequence of this may be the introduction
of an excessive amount of ionic character, more than is automatically
allowed for by the difference in electronegativity between adjacent
atoms. Depending on the resulting charge distribution, this may lead
either to a small increase or decrease in the computed distance. An
early version of this argument states that depending on the sign of the
formal charge, there occurs an increase or decrease in the “effective”
atomic radius.Ba An example of an increase in interatomic distance due
to the accumulation of like charges on adjacent atoms was cited by
Coulson. In N204, the nitrogen atoms assume a formal charge of + 1;
the computed repulsion leads to a separation of 1.58 + 0.04A., com-
pared with the observed 1.64 + 0.03 A., and contrasted to the simple
sum of radii, 1.48A. (D) Additional pi bond resonance: brought
in by partial neutralization of formal charges. This postulate was in-
troduced by Pauling® in an attempt to account for the shorter than
expected bond distances between second row elements and oxygen.
(E) A number of other factors have been proposed, such as incom-
pleteness of the valence shell, ®etc. It is questionable whether sufficient
data exist to substantiate them,

(59) L. Pauling, “Nature of Chemical Bond,” Cornell University
Press, Ithaca, N, Y., Chapter VII.

(59a) R. T. Sanderson, J. Am. Chem. Soc., 74, 272 (1952).

(60) L. Pauling, Symposium on Bond Strengths, 120th Meeting,
A. C. S. (1951), Phys. and Inorg. Division.

(61) In Fig. 3, the M-Cl and M-F distances were compared for
analogous compounds wherever possible. Where the data were insuffi-
cient, the compounds used are listed; thus, two points are given for the
tellurium halides, (TeCU-TeFe) and (TeCh-TeFe). The pairs of
points computed for the two sets of distances observed in the fluorides,
IFt, MoFa, WF« and UF«, are joined by vertical lines. For the oxygen
and chlorine compounds, the expected values for a are 0.28 and 0.35,
respectively.

(62) In Fig. 4, the M-C and M-F distances were again compared
for analogous compounds, where the data were available. The point
labeled Ge was obtained from [GeMej-GeClFa]; the points for molyb-
denum and tungsten were computed using the metal-carbon distances
observed in their hexacarbonyls.
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Fig. 3.'- -Departures from “self consistency” between fluorides and

chlorides.

Fig. 4.“— Departure from “self consistency” between M -F
and M-C bonds.

greater than unity, due to overlap of its pi
orbitals with the hybridized orbitals of M.

Whereas a comparison of the interatomic
distances in corresponding fluorides, chlo-
rides and alkyl compounds unmistakably
shows that the bond characters in these
analogs differ, a parallel study of the va-
lence bond angles on the central atom leads
to no such definite conclusion. Coulson2763
showed that a relatively direct indication
of the extent of s-p hybridization is fur-
nished by the bond angles. | have there-
fore assembled the available data—regret-
fully meager—in Fig. 5.64 It is interesting

(63) Also refer to P. Torkington, J. Chem. Phys., 19,
528 (1951).

(64) The trends suggested by the connecting lines in
Fig. 5 should be interpreted with care, since the data are
not of uniform quality. Except as indicated below, most
of the angles quoted are precise at least to 1.5°.

S(CI132+5°;
SOXF2+8°;

PFj + 3° OCI* £4°;
AaFs o= 5°
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to note that the fluorides of silicon and phos-
phorus which appeared with the largest devia-
tions in the three previous graphs seem to be
rather close to the corresponding chlorides and
methyl analogs in Fig. 5. The fluorides of
nitrogen and oxygen for which the additivity
relation was not particularly misleading, have
bond angles which are quite different from
their chlorides and alkyl derivatives.

The structures of two of the volatile fluo-
rides included in the above graphs were re-
cently determined in our laboratories. Since
the results are quite interesting but have not
yet been published, | shall describe them
briefly. 1 have already mentioned iodine
heptafluoride. The sample was furnished by
Prof. Schumb (M.I1.T.) and Dr. Lynch. Our
preliminary analysis of the electron diffrac-
tion photographs leads to a structure in
agreement with the infrared and Raman
data—symmetry Dsi,. JThe five I-F distances
in the girdle are 1.83 A.; the two extending
toward the apices are 1.94 A.

For the second compound, S2F10, one might write
a structure with an S-S bond, with the remaining
five bonds of each sulfur atom linked to fluorine
atoms, as in SFs- That is just what Dr. R. B.
Harvey found.

SF10 Expected distances S-F  1.62 (ss)
1.58 (SF,)
S-S 2.07 (S9)
F F

l1/F220A. [/*

/1 Hindered Rotation
F 1 1.56 A. about S-S bond

Although no unified interpretation of the magni-
tudes of A, a and /Shas been presented, many of the
compounds included in the figures have been dis-
cussed individually from a variety of points of view.
Since the “special effects” proposed allow for both
shortenings and extensions of the bond lengths,

Fig. 58— Observed bond angles for corresponding compounds.
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it is fairly clear that a judicious combination may
be selected for each compound to account for the
values observed. | shall merely refer readers to one
theory for the effect on bond length of halogen
substitution, as proposed by Paulinge for the
methane series and extended by Gordy3 to the
silicon and germanium mixed halides; and call
attention to a legitimate objection raised by
Pitzerss against the postulate of resonance of mul-
tiple bond structures with the ground state, for
second row elements attached to oxygen or fluorine.
Further, we must consider the question whether such
descriptions are useful, let alone whether the proper
language is used. The underlying assumption is
that the magnitudes of the deviations from addi-
tivity of atomic radii are monotonically related to
deviations from normal covalent bonding, and thus
serve as indices for bond character.

The valence bond orbital representation of bond
formation suggests that additivity of atomic radii
holds roughly, perhaps to an order of 3-10%. Due
to its relatively low polarizability, the dimensions
of an atomic kernel change little as an atom is
bonded in turn to different atoms, particularly if
the symmetry in coordination is approximately
maintained. Also, the radial extensions of the
orbitals of the valence electrons are not greatly
altered by moderate changes in hybridization.
Hence one may argue that in bond formation, the
distance from the nucleus along a direction of a bond
orbital at -which the attractive and repulsive po-
tentials balance is roughly a property of the par-
ticular atom.6a Actually, the shape and extension
of atomic wave functions do change with hybridiza-
tion, and the relative contributions of electron
density to the bond wave function largely will be
determined by the relative polarities of the participat-
ing atoms. Hence the detailed electron distribu-
tion in the vicinity of a bond will depend on the
particular pair of atoms (even if one neglects non-
bonded interactions). When one wishes to predict
the distances between atoms to a precision of 1%
or better, for comparison with refined data, he is
barely justified in making the assumption that
interatomic distances are bond properties, of course
corrected for well defined resonance, such as is
present in conjugated double bond systems, etc.
Thus, for n atoms, the use of n(n — 1)/2 param-
eters in making interatomic distance predictions
could be given a theoretical basis, parallel to the
prediction of heats of formation from bond energies.
General rules for additivity relations for atomic
vs. bond quantities have been formulated by
Zahn.ss

In an unexcited molecule, the observed inter-
atomic distances correspond to the minimum in the
potential energy surface for the nuclei, i.e., to those
interatomic separations which will give the maxi-
mum heat of dissociation for the bonds, leaving the
fragments in their valence states.: The concept

(65) K. S. Pitzer, J. Am. Chem. Soc., 70, 2140 (1940). The essence
of the argument is that the observed heats of formation give no indica-
tion of the presence of resonance.

(65a) This argument will have a basis in theory, if it is proved that
the “ cellular” method leads to acceptable molecular wave functions,
and to correct bond energies; V. A. Lewinson and G. E. Kimball, J.
Chem. Phys., 19, 690 (1951).

(66) C. T. Zahn, J. Chem. Phys., 2, 671 (1934).
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of the additivity of bond energies follows immedi-
ately from the approximation that a molecular
wave function may be represented properly by a
linear combination of atomic orbitals in which the
coefficients are obtained by minimizing the elec-
tronic energy associated with each bond (again
excluding cases with obvious molecular resonance).
This postulate is implicit in Mulliken’s “magic
formula” .67 Although he carried through no
variational computation, he assumedss that the
magnitude of the overlap integral (which includes
both the radial and angular dependence of the
wave functions) computed at the experimental
bond distance for the two atomic orbitals which
overlap when the bond is formed, is a good index
for bond energy. But, in computing the energy
he considered effects due to the overlapping of all
the atomic orbitals (negative contributions to the
energy from the overlap of bonding electron pairs,
and positive contributions from non-bonding pairs).
One can then imagine that given the essential in-
formation regarding the most suitable hybridization
scheme for each atom of a selected pair which are
approaching to form a bond, the energy so com-
puted could satisfactorily represent a potential
energy curve for the two molecular fragments of
which these two atoms form spearheads. The
nature of the fragments will determine the values
for some of the parameters in the potential energy
function. An energy-equilibrium distance rela-
tion can then be associated with the bonds formed
by the particular atom pair; i.e., reis monotonically
related to D7, wdiich in turn depends on the values
of overlap integrals for the wave functions of the
electrons belonging to the two bonding atoms, the
wave functions being somewhat modified by the
nature of the groups attached to the spearhead
atoms.

As an example, assume that one may lump all
of the nuclear and electronic interactions for an
atom pair into the potential functions

F(r) = -«m-"*+ br~m

Then the dissociation energy is related to the
equilibrium distance by

Dj = b{fm — n)re~ri/n = a(m — n)re~win

Thus, the condition that for any selected atom pair,
bond distance serve as a criterion of bond char-
acter, is that the interaction between the two
atoms be generally expressible in terms of some
potential function. This procedure has proved
very satisfactory for the carbon compounds, where
the relation between bond distance and “bond
order” was set up..0 One may thus account for
the empirical relations between dissociation energy
and carbon-halogen bond length, as reported by
Sutton and Allen.7t  The fact that good predictions
of bond distances can be made from a set of atom
radii, provided they are corrected by a factor in-

(67) R. S. Mulliken, ibid., 19, 913 (1951), and Symposium on Bond
Strengths, 120th ACS Meeting (1951), Phys. and Inorganic Division.

(68) R. S. Mulliken, 3. Am. Chem. Soc., 72, 4493 (1950).

(69) G. B. B. M. Sutherland, J. Chem. Phys., 8, 161 (1940).

(70) W. G. Penney, Proc. Roy. Soc. {London), A158, 306 (1937);
J. E. Lennard-Jones and C. A. Coulson, Trans. Faraday Soc., 35, 811
(1939).

(71) P. W. Allen and L. E. Sutton, ibid., 47, 236 (1951).
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volving a bond property (energy)72 supports the
above contention that the interatomic distance is
best considered as being a bond property.

The pleasingly surprising fact that in an appreci-
able number of cases the observed bond lengths
for A-B empirically proved to be nearly equal to the
mean of the separations A-A and B-B (corrected
for differences in electronegativity), parallels the
empirical observation that in many instances the
bond energy for A-B is nearly equal to the mean of

(72) M. L. Huggins, Xllth international Congress (1951), Phys.
and Inorganic Division.
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the bond energies of A-A and B-B (similarly cor-
rected). It is obvious that these cannot be gener-
ally valid; and, as the precision of the measure-
ments is increased, it is becoming clear that such
simple relations do not hold exactly even in a re-
stricted region. To use them in making predictions
where data are not available is taking advantage of a
confused situation without getting oneself involved;
to base an elaborate theory on the deviation from the
empirical relations which imply excessive oversim-
plification in nature, is to jump into the confusion
with both feet and with one’s thumbs tied together.

IN RELATION TO THEIR

IV. BOND DISTANCE RELATIONS IN THE SUBSTITUTED

METHANES AND ACYCLIC ALIPHATIC HYDROCARBONS

By H. J. Bernstein
Division of Chemistry, National Research Council, Ottana, Canada
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The departure from strict additivity is expressed as a function of internuclear distance.

Relations between bond lengths

in the substituted methanes and acyclic aliphatic paraffins are then derived.

In the first paper: of this series the simple picture
of additivity was extended to include the inter-
actions between non-bonded atoms. Relations
between the additive properties of molecules in
several homologous series were derived then on the
basis of strict additivity. The accurate evaluation
of bond distances from rotational spectra obtained
by means of the absorption of microwaves has
shown that the C-Cl bond distance in methyl
chloridez's is about 0.02 A. longer than the C-CI
bond distance in chloroform.4 It has been estab-
lished experimentally, therefore, that the C-CI
bonds have different lengths in methyl chloride and
chloroform and that strict additivity does not
prevail for the chloromethanes. The departure
from strict additivity is small, however, and only
of the order of a few per cent. It would seem
reasonable, therefore, to express the contribution
to the physical property as the sum of the strictly
additive portion, vihich is by far the greater part,
and a very small portion due to changes in bond
distance and valence angle from the value of the
distance and angle associated with the bond in the
tetrahedral molecule.

The Substituted Methanes CX4,Y,—In the
substituted methanes the contribution to the
physical property from the CX bond in the nth
substituted methane may be expressed in terms of
the contribution from the CX bond in the tetra-
hedral molecule, pcx, and changes in bond dis-
tances and angles, viz.

(1) H. J. Bernstein, J. Chem. Phys., 20, 263 (1952).

(2) (a) W. Gordy, Phys. Rev., 20, 668 (1948); (b) W. Gordy, private
communication.

(3) G. Matlack, G. Glockler, D. R. Bianco and A. Roberts, J.
Chem. Phys., 18, 332 (1960).

(4) R. R. Unterberger, R. Trambarulo and W. V. Smith, ibid., 18,
565 (1950).

Pax ~ PCX, + af(Rcx — RexJ + Pfdxcx ~ 0 +
tUxcy-O @D

and similarly the contribution from the CY bond
may be written as

Pcy = Pcy, + af(RtY —Roy,) + bf(9ycy ~ 0 +
c/(«xiv - t) (2)

where /;3x an(l rRcy are the CX and CY bond dis-
tances respectively in the nth substituted methane,
R cXi and Rcy, are the CX and CY bond distances

in CX4 and CY4 respectively, 0xcx, Oycy and 0Xcy
are the XCX, YCY and XCY valence angles in
the nth substituted methane, t is the tetrahedral
angle, a, fi, y, a, b and c are constants, and f(f?cX

— RgxJ 1Sa function of (Rex —Rex,) etc.

In general, all contributions to physical proper-
ties which are considered to be additive are func-
tions of bond distances and valence angles. The
functional relationship, however, is in most cases
unknown. Several methods" of relating the bond
distance with the bond energy show that it is not
unreasonable to expect a smooth relationship be-
tween bond energy and bond distance for bonds in
molecules in the same homologous series even though
it may lie too much to expect a smooth relation
between bond energy and bond distance in general.

From bond energy/bond distance curves derived
from thermochemical datas and from theoretical
considerationss-7 it is readily seen over a small

(5) J. J. Fox and A. E. Martin, J. Chem. Soc., 2106 (1938); H. A.
Skinner, Trans. Faraday Soc., 41, 045 (1945); G. Glockler, J. Chem.
Phys., 16, 842 (1948).

(6) M. A. Cook, This Journat, 51, 407 (1947).

(7) From the relations between bond order and bond distance and
bond order and bond energy, the bond energy may be found in terms

of bond distance. See, for example, H. J. Bernstein, J. Chem. Phys.,
15, 284 (1947); 15, 339 (1947), and others.
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range of bond distances, that the bond energy is a

linear function of the bond distance. Thus
f(Rei - Rex,) = Bg —Rcxa—aRo' (say) (3)
and
f(BcY - Bey) = Bey ~ Rey<= SR& (say) (4)

Theoretical considerations of the variation in bond
strength with change in valence angle show that
the change in bond strength is proportional to the
square of the change in valence angle.s Thus for
small changes in R and 6 the term in d may be neg-
lected in comparison with the term in R in con-
sidering changes in bond energy.

If we define the bond energy of the CX bond in
the nth substituted methane as Bex and the bond

energy of the CY bond as B&y then (1) and (2)
may be written
B& = Bex, + aSR'l (5)
B& = Becy, + abR( (6)
where Bex, and Bcy, are the CX and CY bond
energies in the tetrahedral molecules CX™ and CY4
respectively. If SR$x is positive then a is negative
since longer bonds are weaker bonds.s
We now consider the heat of atomization of a
molecule to be made up of the bond energies of the
valence bonds plus the contributions from the

interactions between the non-bonded atoms. Thus
the heat of atomization of C X is
Qcx, = 4Bcx< + 6Bxx (7)

where Bxx is the contribution to Qcx, from the
interaction between two non-bonded X atoms.
In most cases the sign of Bxx will be negative but
the following treatment is valid irrespective of the
sign of the non-bonded contributions. Similarly

Qcx,y = 3B& + Bgi- + 3Bxx + 3BXY (8)
Here, we have assumed that the contributions
from the interactions of non-bonded atoms are
strictly additive. Thus the reasonable assump-
tion that Bxx, Byy and Bxy remain unchanged in

the series has been made. The remaining expres-
sions for heats of atomization are given then as

Qcx,y2 = 2B™X + 2Bcy + Bxx + 4Bxy + Byy (9)
Qcxy3= Bex + 3Bcy + 3Bxy + 3Byy (10)
Qcx, = 4BcYi + 6Byy (11)

Substituting from (5) and (6) in (8), (9) and (10) we
get

QcXaY = 3Bcx4+ Bey, + 3Bxx + 3Bxy +

3a6R& + adRcY (12)
QoxiY2 = 2Bcox4 + 2Bcoyd + Bxx + 4Bxy + Byy +

2aSR™ + 20SRqy (13)
QcxYs = Bex, + 3Bcy<+ 3Bxy + 3Byy +

a&Ri?% + 3aSR& (14)
It is readily seen that
2Qexey — {Qex, + Qcx2 — A = QaSRex +

2aSR& - 2a0R& - 2aiRJ- (13)

where
A = — Bxx — Byy + 2Bxy

(8) li. A. Skinner, ref. 5, p. G4B; J. I}. Kilpatrick and R. Spitzer,
J. Cfiem. P hys14, 463 (1946).
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and
2Qcx%2 — (QexsY + Qexys) — A = 4a5Box +

4aSRey - saRck - aSR& - adR& - 0R& (4
and
2QcXY3 — (Qcx.Yi + QcY,) — A = 2a0Qx +

6abBcfy - 2«56Bg - 2asrs (15)

Subtraction of (13) and (14), (14) and (15) gives

QcXi — 3QCX2¥2 + SQcXsY + QCxYj =

6SBcx + Sfifix] + 4 3«Rcy - 66R'c% * 36/it'v]

(16)

a[9«ficx -

+ QcX,y — 3Qcx%2+ 3Qcxyj — Qcy4d =
a[36BS - QSRqx + 36Bgx] + a[«B& - esrcy + 95Bpy]
a7
Subtraction of (13) and (15) is merely the difference
between (16) and (17). To the approximation,
therefore, that the contributions due to inter-
actions between non-bonded atoms are strictly
additive, equations (16) and (17) provide two
relations among the eight bond distances in the
substituted methanes C Xs- EY,,.

Approximations (a).—In practice the additive
property is very nearly a parabolic function of the
number of substituents; thus the L.H. sides of (16)
and (17) are very nearly zero. It is readily seen,
if there is a linear relation between RQy and n
which may be written

Boy = Bey. + (fl& -

Bcy.) (18)

substitution of (18) in (16) and (17) with the L. Il
sides equal to zero gives

Bei = n(Rlpx - Rex,) (19)
which may be expressed also as
HRex = 3SR)px (19a)
and
dRIPx = 26BS (19b)

(b).— If the relation between the additive prop-
erty and the number of substituents is linear, then
for the heats of atomization

Qecx,-nY, —Qcx, + j (Qeyi — Qnxi) (20)

Substitution for 8 ex from (7) and B cy from (11)
in (12), (13) and (14) and using (20) gives

3a«Bcx + aSBMy = | a (21)
2a0Rcx + 2a6RiT = 2A (22)
aSRAl + '3"6R, y = | A (23)
Eliminating A gives
36Bpy - 25R\!
n24)
6SR)P - 35B,.:
65B(Y - 35Rp
35ffg - 2SRp (25)
35Rpl- - 5Biy
(26)
35B, 5Rex

These are two relations independent of a and a
between the eight distances. Again if there is a
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linear relation between Rgy and n there is also one
between Rex and n and equations (19), (19a) and
(19b) are valid.

Applications—The C-Cl bond distances ob-
tained from rotational spectra in theo microwave
region are found to be 1.780 a= 0.002 A. in methyl
chloride 3 1.7724 + 0.00050 A. in methylene chlo-
ridey and, 1.761 + 0.004 A. in chloroform.4 The
electron diffraction method yields the value of 1.755
+ 0.005 for carbon tetrachloride.1o Within the
experimental error, therefore, the C-CIl bond dis-
tance is a linear function of the number of sub-
stituted chlorine atoms in the chloro methanes.
Since an equation similar to (18) can be written
for the C-CI distances there is also a linear relation
like (19) for the C-H distances (assuming the L. H.
sides of (16) and (17) are zero) so that

— (27)

SR& = 3527%ch (28)

If the L. H. sides of (16) and (17) are calculated
from the heats of formationi: of the chloromethanes,
and using the valueiz a = 0—260 cal./mole/ang-
strom, it is found that 0.0040A. is to be added to the
R. H. S. of (27) and 0.002 A. is to be added to the
R. H. S. of (28). The assumption that the L. H.
sides of (16) and (17) are zero introduces, therefore,
only a negligible correction. 0

Taking the value of 1.103 + 0.006 A. for the CH
bond distance in methyl chlorides and the value of
1.093 A. for the CH distance in methane:s we have

SRgh = 1.103 + 0.006 - 1.093 = 0.010 + 0.006
A. From (27) and (28)
= 0.020 + 0.012 A. so = 1.11 £ 0.01 A.

and

SRcu = 0.030 + 0.018 A. soR& = 1.12 + 0.02 A.

Recent measurements of the CH distances in
methylene chlorides and chloroform,2s however,
yield 1.069 + 0.006 A. and 1.073 + 0.020 A,
respectively. Since these distances were deter-
mined from absorption of microwaves by isotopic
molecules containing deuterium and hydrogen a
large zero-point configurational error is to be
expected. This may be large enough so that no
trend in CH distance can be established from the
microwave data.

Evidence supportingthe linear increase in CHbond
distance in the series CH#*CHC13 is obtained from
the relation between force constant and bond dis-
tance.14 From this relation it is readily seen that,

(9) W. D. Gwinn, private communication.

(10) L. O. Brockway, Rev. Mod. Phys., 8, 231 (1936).

(11) F. R. Bichowsky and F. D. Rossini, “ Thermochemistry of the
Chemical Substances,” Reinhold Publ. Corp., New York, N. Y., 1936.

(12) This value is obtained by differentiating Cook’s relation
(reference 6) with respect to bond distance, using Badger’s relation for
K in terms of R (see reference 14). To get a “suitable” value for the
bond in polyatomic molecules, it is then multiplied by the ratio

bond energy of diatom in polyatomic molecules
dissociation energy of the diatomic molecules

(13) G. Herzberg, “Infrared and Raman Spectra of Polyatomic
Molecules,” D. Van Nostrand Co., Inc., New York, N. Y., 1945,

(14) R. Badger, J. Chem. Phys., 2, 128 (1934), gives K - Af
(R — 0.34)3for Cll bonds. Thus SK = —3K8R/(R — 0.34); for K
« 4.8 X 105dynes per cm. for CJf4, and since R = 1.10 ri: 0.03, SK —
«203/e.
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for CH bonds

SK t» -20 SR (29)

where K is in units of 105 dynes per cm., R isin A.
and the force constant for the CH bond in methane
is taken as 4.8 X 10s dynes/cm.18 For 5Rea =
0.010 + 0.006 A.
SRW =
SKW =

-20SR&% = -0.20 * 0.12
-0.40 + 0.24 from (27) in (29)

and

SK™ = -0.60 *+ 0.36 from (28) in (29)

A corresponding calculation gives 5Kcci ~ —65licc)
for Kccu = 1-75 X 105 dynes cm.-1 (ref. 15).
Thus the force constants of the CH and CCl
bonds in CH4 CH3Cl, CH2Cl2, CHC13 and
CCh are calculated as 4.8, 46 = 0.1, 44 + 0.2,
and 4.2 + 04 for CH bonds and 1.60 * 0.03,
1.65 + 0.02, 1.70 £+ 0.01, and 1.75, respectively,
for the CC1 bonds. Good agreement between the
frequencies observed for the chloromethanes and
those calculatedis using an Urey-Bradley type of
potential function is obtained when the following
values of the CH force constants in the chloro-
methanes are used: 4.8, 4.5, 4.2 and 3.9 X 10s
dynes/cm., respectively. These values compare
quite favorably with those calculated from the
bond distances considering the fact that the CC1
force constant was assumed constant and equal
to 1.75 X 105 dynes/cm.

Let H be X and CH3 be Y in the series CX4-,Y ,,,
then the members of the series are CH4 CH3CH3
CH3CH2CH3 (CH3sCH and (CHsRC. It has
been shown previously: that the general physical
property of this series is a parabolic function of the
number of CH3 groups so that the equations derived
above for the substituted methanes may be applied
directly. Thus, if there is a linear relation between
the CC distance and n the number of methyl
groups substituted into the molecule there is also
a linear relation for the CH bond distances given
by equation (19). Since the —CH3 >CH:2 and
> C-H bonds are referred to as being attached to

primary, secondary and tertiary carbon atoms
(19).
jiRGemary> _ 25i1"QH'imary) (30)
and
A(tertiary) = 3SR$gmU) (31)

The Aliphatic Acyclic Hydrocarbons of the Series
C,H2e2—In what follows the notation for the
hydrocarbons is the same as given in Table X of
reference (1). We can form the second differences
from Table X as

2P2- (Pi + Pt) = —x (say) (32)
2Pi - (Pi + Pt) = -y (say) (33)
2Pt - (Pi + Pi) = 0 (34)
2Pi - (P, + Pt) = 0 etc. (35)
Also
Pa - Pi —X y — P2—ethylpropane P n—butane  (36)
and
Pib m Pii 233T 2y — Preopeutftte P »—pentane  (37)

(15) ‘1. Siivauouti, J. Chem. Phys., 17, SIS (ltilt).
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If the contributions from non-bonded interactions
are additive, these relations become

P,, - P, " x - y+ aHf38-Rch + «CH - 40i2&] +
3ac{sR ~ Sflfec] (38)

and

Pib . Pt = "“x. 2y + «nh[65~ - 65ch] + 4ac

[S R - TB&] (39)
provided all contributions from primary, secondary
and tertiary CH'’s are strictly additive. In these
equations the superscripts p, s and t stand for
CH bonds attached to primary, secondary and
tertiary carbons, respectively, and an and ac,
are the changes in CH and CC bond energy, res-
pectively, per unit length; the reference CH dis-
tance is that in methane and the reference CC dis-

tance is that in diamond.

Similarly 2 — (Pi + P8 is now
X + 3aR [2SR&\ - ««.&] + 2aC [iB$ - ««$] (40)
and 2P3 — (P2 + P4 is now
-y + ac [4iB$ - 6R& - 3«B$] (41)

The second differences (34), (35), etc., lead to the

relation
(zn 4 — (n — 3) oR{)"

71— 1

for n > 3. Substituting for x and y from (40) and
(41) into (38) we find

(42)

OH[9SB&& + SR& - 6iB&] = - Oc[3««” + 3SB$ -
65ficc] + P4a- Pi + [2P2- (Pi + P{) - [2PS-
(ft + P4)] (43)

and substituting for x and y from (40) and (41)
into (39)

OH[245Poh - 12aB&] = - ac[4aB$? - 4SR& -
14&R& + 85R% + 68Rqc] + P - Po + 3[2PZ-
(Pi + P3I - 2 [2Pi - (P2+ PA] (44)

If there is a linear relation between the CC distance
in ethane, propane, isobutane and neopentane and
the number of substituted methyl groups, we have

| (s"cc — «Brc’) (45)

and

Sfico’ = 5 (iPoc — Sficc') (46)
Substituting from (45) into (42) we find for the
normal paraffins that
(n+ 1) 2(2n
3(n - 1 3(n - 1)
Substituting from (45), (46) and (47) into (43)

and (44) makes the term in CC distances on the
R. H. sides of (41) and (44) equal to zero, thus

SR& X SR$  (47)

*R& = 2RI/l - ~ {(ftb- P~ + 3[2ft - (Pi +

P)I - 2[2P3- (P, + P4}
From (44), and from (43) and (48) we get

(48)

= 3«B& + “ jp-.a - p i -

| [2P* -(/>, + Pa)] | (49)

H. J. Bernstein
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Usually the quantities in the large brackets on the
R. H. sides of (48) and (49) when divided by cm
are very smallis and may be neglected in compari-
son with the other terms, thus the relations given
previously in (30) and (31) respectively may be
obtained, viz.

8R(:h 2SRqr

and
SRcs & 3SRer

Arguing by analogy with the other substituted
methanes in which the CY distance is greatest in
the monosubstituted compound2 one would expect
the CC bond distance to get smaller in the series
ethane, propane, isobutane and neopentane. There
is indeed some supporting experimental evidence
for this since the CC bond in ethane appears to be
greater than 1.55 A. from spectroscopic datai7 and
it is not unreasonable to expect that the CC dis-
tance in neopentane is not very different from the
value in diamondis (1.545 A.). These considera-
tions would make q positive and greater than
SRgg so that from equation (47) we see that the
CC bond distance gets progressively smaller as the
chain length of the normal hydrocarbon increases
and in the limit is greater than the CC distance in

SRéh  4SAgg

diamond by the amount Whereas

these results indicate that the CC distance becomes
shorter as the number of C atoms increases, the
results obtained from bond energy/bond distance
considerationsis in which some corrections due to
the interaction between non-bonded atoms have
been neglected and others estimated empirically
from too few data, show that the CC distance
becomes greater as the number of C atoms is in-
creased.

Equations (48a) and (49a) show that there is a
linear decreasei4 in the force constant in the CH
bonds linked to primary, secondary and tertiary
carbons. This is substantiated by the use of 4.5
X 106 dynes per cm. for the force constant in
polyethylenex and the ensuing good agreement
between calculated and observed frequencies.
Relations (29) for CH bonds gives the change in
CH bond length associated owvith a change of 0.3
X 105 dyne per cm. as 0.015 A. This would appear
to be a little high since the increase in the CH dis-
tance when a halogen atom is substituted into meth-
ane seems to decrease with decreasing electro-
negativity of the substituent,2a so the value for
substituting a CIR group might be expected to be

(16) If the observed values for the heats of atomization are used

[“Selected Values of Properties of Hydrocarbons” (A.P.lI. Research
Project 44) Bureau of Standards, Washington, D. C., 1947], we have

2Q2 - Qi + Q3 = —2.3 cal./mole
2Qs — (Qi + Qi) = —0.4 cal./mole
Qia— @ = 1.6 cal./mole
Qb — Q5 = 4.7 cal./mole

Using gh = — 260 cal./mole/angstrom (see reference 12) we find
«fiel = 25Kgh 0.0005 A.
5R& = 0.0015 A.

(17) L. G. Smith, J. Chem. Phys., 17, 139 (1949).

(18) D. P. Riley, Nature, 153, 587 (1944).

(19) G. Glockler, J. Chem. Phys., 17, 747, 748, 749 (1949).
(20) T. Simunouti, ibid., 17, 245 (1949).
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approximately equal to the value observed2s
for CH3 (i.e. 0.007A.).

Assuming SR~ = 0.007 A. so that the CH dis-
tance in -CH3 is 1TOO A. then the CH distance in
> CH2 is 1.107 A., and in >CH it is 1.114 A.
From the observed moments of inertia for ethanetr

the corresponding CC distance is 1.553 A., therefore

. Il Bond in GeHX3and the Mobility of the Halogen Bond
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SR is 0.008 A.

SRqq is ~ 0.005 A. for SRM1~ 0

SRffi is ~ 0.003 A. from (46)
and

(n + 1)

SR -
' 3(n - 1)

X 0.008 from (47)

STUDY BY RAMAN EFFECT OF THE Ge-H BOND IN GeHX3AIOLECULES

AND OF THE MOBILITY OF THE HALOGEN BOND

IN HALOGENATED

DERIVATIVES OF THE CARBON FAMILY

By M arie-Louise Delwaulle

Faculty of Science, Lille University, Lille, France
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Raman spectra were used to follow the course of certain reactions of germanium and other fourth group elements to
equilibrium and also for the identification of certain ion species.

l. The Ge-H Bond.—The existence of the Ge-H

covalent bond has been hitherto denied. Brewer:
in 1927 said “ the chloroform series ceases to exist,
at least as a non-polar series, with the element
germanium.” In 1934 Volkringer, Tchakirian and
Mme. Freyman studied the Raman spectrum of
GeCl2 in an aqueous solution of hydrochloric acid.2
In 1935 Tchakirian and Volkringer studied the
Raman spectrum of GeBr2 in an aqueous solution of
hydrobromic acid.3 They said “there is no co-
valent Ge-H bond.”

With Professor Francois, who died in September,
1950, | studied the Raman spectra of anhydrous
GeflCh and GeHBr3Gs These spectra are similar
to that of chloroform. Table | shows Raman
spectra of CHC13 and CHBr3 SiHCI3 and SiHBr3
and Gel4Cls and GeHBr3 Two frequencies, &
(bending vibration) and ys (stretching vibration)
characterize the bond A-H for C, Si and Ge.
The Ge-H bond is characterized by the bond-
stretching force constant/ = 2.7 X 10s dynes/cm.
For Si-H,/ = 2.88 X 105 and for C-H, / = 4.92
X 105

Stability of These Molecules.—GeHCI3
GeHBr3 are unstable molecules.s They decompose
in three ways: (1) GeHCIs3 GeCl2 + HC1:
by wusing anhydrous compounds and holding
the temperature below 50°. Tabern prepared
GeHCI3 to high purity (direction 1). However,
when GeHCI3 is heated, decomposition takes
place (direction 2). When GeHCI3 is dissolved in
aqueous hydrochloric acid, bubbles of hydrogen
chloride gas are released immediately and later go
into solution. The Raman spectrum obtained
for the new solution does not correspond to that
of GeHCI3 but is similar to the spectra of AsCl3
and SnCI3~ (Table Il), and is identical to the

(1) Brewer, J. Phys. Chem... 31, 1817 (1927).

(2) Volkringer, Tchakirian and Freyman, Comp, rend., 199, 292
(1934).

(3) Tchakirian and Volkringer, ibid., 200, 1758 (1935).

(4) M. L. Delwaulle and F. Francois, ibid., 228, 1007 (1949).

(5) M. L. Delwaulle and F. Francois, ibid., 230, 743 (1950).
(G M. L. Delwaulle and F. Francois, ibid., 228, 15S5 (1949).

and

Table |
W stretching vibration; bending vibration; d = de-
polarized; p = polarized.
C-H
a2 5, M i21 Cﬁs £
d P P d P
CHCb 261 366 667 761 1216 3018
CHBr3 154 222 539 655 1144 3021
Si-H
SiHCI, 179 250 489 587 799 2258
SiHBT, 111 169 358 466-480 769 2232
Ge--H
GeHCI, 149 181 409 438 699 2159
GeHBr,, 95 128 273 325 674 2116
Tabite Il
Javi 8 \ 23 %] M
GellCh 149 d 181 p 409 438 d 699 d 2159 p
GeCls- 139 d 162 p 253 d 320 p
a2 3 \23 M
AsCls 158 d 195 p 370 d 405 p
SnCla- 120 220d 278 p

(broad band)

spectrum obtained by Volkringer, Tchakirian and
Mme. Freyman of GeCl» in aqueous hydrochloric
acid. These authors reported only the frequencies
of the various Raman lines. We made measure-
ments of the depolarization of Raman lines and thus
were able to establish the structure of the ion.
There are two mechanisms which explain the de-
composition

(1) GeHCh = GeClo + HCI

(2) GeCk + CIl- = GeCls-

(B) GeHCk = GeCla" + H+

(2) GeHCIs ™ GeClI3 + H+: When GeHCIs

is dissolved in the anhydrous alcohols CH30H.. .
CioH2I0H we observe the Raman spectra of both
GellCl3 and GeCI3~. The amount of dissociation
in those solvents decreases as the number of carbon
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Table llia
$i* 145
ccy, 217 313
6/7 6/7
J —1 i 6.5 $L/ 8\ o5
192 248 295
CChBr \p 6/7 0.35 6/7
(J 5 3.5
/ \ "X \
154 174 230 241 262
CCI2Bn \p 0.65 0.65 6/7 0.24 6/7
\J 3 2 3 6 0.8
141 214 270
P 6/7 0.5 ?
J 8.5 w
AN
123 182
CBr. p 6/7 6/7
J 4 6
Table Illb
$ir? (14,
150 221
sicl, p 6/7 6/7
J=1-fi 3 2
[\
5 "6
135 191 205
SiCl.Br P 6/7 0.55 6/7
N 8 3.5 4
111 122 174 182 19172
SiCUBr, p 0.75 0.75 D 0.55 ?
J 5 4 W 7.5 vVw
101 159 173
SiCIBr, p 6/7 0.55 D
J 7.5 5.5 w
\ |/
90 137
SiBij 6/7 6/7
3 3
atoms increases. These solutions of GeHCL in
anhydrous alcohols are unstable. There is a third %12
mode of decomposition which takes place. 150
(3) 2GeHCl3 = GeCh + GeClz + H2T: At S©o- e 67
the beginning, 3 cc. of hydrogen was produced per J 3
day from 5 cc. of GeHCI3 when dissolved in octyl 1
alcohol. 123
1. Mobility of the Halogens: CI, Br, I. (@) S P 617
Tetrahalogenated Molecules, AX4.—Chlorobro- J M
mides and chloroiodides of carbon and silicon can
be isolated7 The Raman spectra of the series 83 111
CCh... ,CBr4s and SiCU... .SiBr/' have been S22 p P D
studied,s and more recently the Raman spectra of s M
the series SiCls-.. .Sil4 by the writer. It can be V
seen in Table 111, that the Raman lines which 73
evolve are exactly of the same shape for the three  Siclli ; DS
(7) L. Dennis, W. R. Orndorff and D. L. Tabern, T his Journal, 1
30, 1050 (1920). 63
(8) M. L. Delwaulle and F. Francois, Comp, rend., 214, 226 (1042). Siu p D
(0) M. Tj. Delwaulle and F. Francois, ibid., 219, 335 (1914). J M

0.05
10

422
0.05
10

380
0.05
10

328
0.05
10

0.05
10

424
0.05

368
0.05
10

326
0.05
10

288
0.05
10

249
0.05

Table lllc
345
221

6/7
2

$
169
P
M w
149 160 2
D P
M

46
197
6/7

Vol. 5G
POM
789
6/7
I M\
716 778
0.7 0.7
M w
683 733 769
D P D
S w w
680 742
0.7 0.7
M W
O
073
6/7
M
610
6/7
1
I\
4 Fs}
545 610
P D
w w
\
508 563 605
D P D
w E w
W >214
424 610
0.05 6/7
4 1
/ \
333 519 600
0.05 P D
S W W
276 418,436 538 589
0.05 D P D
S w w w
N\ /\
220 411 557
0.05 D P
S w w
\ /
168 405
0.05 1)
S W
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Table IV
5i W\ vt,t fo* n
GeHCl, 149 d 181 p 409 (p = 0.05) 438 d 699 d 2159 p
/ \ / /
Si 5, np \ v d xp \ S d
GeHCUBYr one is 123 167 309 (P = 0.05) 350 near 432 680> <695 near 2144 p
GeHCIBT, one is 123 147 p 290 (p = 0.05) near 320 419 676> <686 near 2135 p
vtd vt p ad Sip
\ / \ / \ /
GeHBr, 95 d 128 p 273 (p = 0.05) 325 d 674 d 2116 p
series. For titanium, germanium and tin, the CI-l1 exchange. No reaction takes place between

systems come to equilibrium when we mix AX:4
and AY4 From the Raman spectra of the mix-
tures, we get proof that the systems -are in equili-
brium. If we examine the Raman spectra of many
mixtures of AX4 + AY4 we can identify nearly all
the frequencies of AX3Y, AX2Y2and AXY3 This
study was made for chlorobromides of titanium,
germanium and tin.10-12 When AX4 and AY:4
are mixed, if three frequencies are found which are
strong and nearly completely polarized lines,
lying between the w frequencies of AX4 and AY4
they are surely the wxfrequencies of the new mole-
cules AX3Y, AX2Y2and AXY3; we can be sure that
the system is in equilibrium. With M. Delhaye, a
study was begun of mixtures GeCls + Gels and
SnCls + Snl4 The frequencies 258, 222 and 190
between in of GeCls (396 cm.-1) and wx of Gels
(161 cm.-1) show the existence of the chloroiodides
of germanium. The frequencies 218, 194, 172
between vx of SnCls at 367 cm.-1 and vx of Snls
at 154 cm.-1 show the existence of the chloroiodides
of tin.

It is interesting to note that the reaction is more
rapid for tin than for germanium.13 For GeCls +
GeBr4 the course of the reaction with time was
studied. The first Raman spectrum shows only
the lines of GeCR and GeBr,; the second shows,
besides GeCls and GeBr4 a small amount of Ge-
BrXl and GeBr:Cl2 Finally, since an excess of
GeBrs was used, the last Raman spectrum shows
principally lines of GeBr4 and GeBr3Cl. Velocity
changes with temperature and with catalysts such
as a very small amount of HC1l. The reaction
is more easy for the CI-Br exchange than for the

(10)

(11)

(12)

(13)

. Delwaulle and F. Francois, Comp, rend.,ZZO, 173 (1945).
. Delwaulle and F. Francois, |b|d, 219, 64 (1944).

. Delwaulle and F. Francois, Ibid, 227, 1229 (1948).

. Delwaulle, ibid., 232, 54 (1951).

EEE-4-
-

GeCh and Gelsat room temperature; if heated for an
hour at about 100 °, a state of equilibrium is reached.
All the chloroiodides are now present and it is
possible to cool to room temperature without
changing this equilibrium. Gel4 crystallizes out
when the mixture is cooled after being heated for
15 minutes. In SiCls the first halogen is the most
difficult to substitute. The reaction of HI gas
with SiCI3 goes more readily than the reaction of
H1 gas with SiCl4

SnBr4 can exchange one halogen with GeCls or
with TiCls4 but there is no reaction between SnCl4
and GeBr4d When SnBrs and GeCls are mixed, the
Raman spectra of the mixture shows the strongest
lines of SNBrl and GeBrCls in addition to the
Raman lines of SnBrs and GeCR

(b) Trihalogenated Molecules, AHX3—An
equilibrium mixture giving GeHCIBr and GeHCI-
Br2 by mixing GeHCI3 and GeHBr3 was studied. 14
Table 1V gives the Raman lines of the new mole-
cules. The reaction is very rapid.

GeBrs4 can exchange halogen with GeHCI3 and
GeCls can exchange halogen with GeHBr3 The
mixtures show the Raman lines of GeBr4 GeBr3Cl,
GeBr:Cl2 GeBrCl3 GeCls and GeHCR GeHBrCR
GeHBr:Cl, GeHBr3 From a series of Raman spec-
tra, we can follow the course of the reaction with
time. With the aid of Raman spectra the following
equilibria also can be proved

CHCIs + GeHBr3 CIICUBr + GeHCIBr,

CHBrs + GeHCI, "=A CHCIBr2+ GeHCIjBr

In conclusion it can be said: Halogens are more
mobile in AH X3 molecules than in AX4 ones. The
mobility of halogens increases in following the
series C, Si, Ti, Ge, Sn.

(14) M. L. Delwaulle, ibid., 230, 1945 (1950).
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Chemical bonds of abnormal strength are formed by combination of fluorine with nearly all other elements.
bonds are of an ionic character because of the extreme density of the electron distribution in fluorine.
must be unimportant for bonds between the fluorine atoms.

Most of these
lonic binding forces
Thus a relatively small dissociation energy for the fluorine

molecule might be expected. Whereas direct spectroscopic methods proved to be unsuccessful, combination of the spectro-
scopically determined dissociation energies for GIF and Cl2 (60.3 kcal./mole and 57.2 kcal./mole, resp.) with the heat, of
formation of CIf obtained from calorimetric measurements, yields 33.4 kcal./mole and 40.2 keal./mole for the dissociation

energy of the fluorine molecule.
second by inserting 11.6 kcal./mole.

The first value results by making use of a heat of formation of GIF of 15 kcal./mole, the

The results of accurate thermal conductivity measurements on gaseous fluorine by means of the hot wire method using
pure nickel tubes and filaments showed no dissociation influence on the heat transport and its pressure dependence up to 500 °.

Sensitivity and reproducibility were considered to be sufficient to rule out data smaller than 40 kcal./mole.

Probably the

energy of dissociation of fluorine has to be assumed to be somewhat higher than 40 kcal./mole but not to be beyond 45 kcal./

mole.

1. Introduction

Among all halogen molecules fluorine is until
now the only one to which the well known spectro-
scopic methods of determining the dissociation
energy are not applicable. Discrete absorption
from the ground level of the molecule hitherto could
not be observed, probably the excited state referred
to is merely a repulsive one without potential
minimum.1 Making use of the continuous absorp-
tion of fluorine and the other halogens, von Warten-
berg some 20 years ago extrapolated the dissociation
energy of fluorine to D(F9 = 63 kcal./mole.2
Meanwhile a series of indirect determinations as
well as estimations has been carried out, which
yield an appreciably lower value, even lower than
the dissociation energy of chlorine.

The mentioned indirect methods are based on
spectroscopic determinations of the dissociation
energy of diatomic fluorides. If these are gaseous,
for instance C1F and HF, then the relation holds

0.5D(F2) = D(XF) - ft(XF) - 05D(X,) (1)

with Qi = thermochemical heat of formation of the
fluoride considered. As far as metal fluorides are
concerned, such as RbF, CsF, T1F, the equation
may be written

0.5D(F2 = D(XF) + L(XF) - L(X) - Qf(XF) (2)

wherein L(XF) and L (X) are the heats of vaporiza-
tion of the fluoride and the metal, respectively.
The statement which can be made hitherto by evalu-
ating these equations is summarized in Table I.

Disregarding C1F, among these values, the
spectroscopic dissociation energies of the fluorides
and their heats of vaporization are especially un-
certain. According to equations (1) and (2) these
insecurities enter with double amount into the
values of the dissociation energy of fluorine.
Nevertheless regarding the conformity of the
figures in the last column of Table | the dissociation
energy of this molecule should apparently lie be-
tween 40 and 50 kcal./mole.

Another possibility to estimate this value is
offered by half-empirical relations between the
dissociation energy and the vibrational frequency
as well as the internuclear distance of diatomic

(1) R. S. Mulliken, Rev. Mod. Phys., 4, 1 (1932).

(2) H. von Wartenberg, G. Sprenger and ,1, Taylor, Z< physik.
Chem.., Bodensten-Festband, 61 (1931);

Tabte |
Values of D(F2) from Eqgns. (1) and (2)

Energies in kcal./mole at 18°; uncertain values bracketed

XF D(XF) Qf(XF) D (Xt) o (XF) L(X) <D(F,)

CIF 60.53 11.6* 58.0 40

HF (140)5 64.5 1042 (47

RbF6  (125.5) 133.2 (52.2) 18.9 (51.2)

CsF6  (130) 131.7 (45.7) 18.8 (50.4)

T1F7 <110 76.8 (29) (39.7) (< 45)
molecules. One of the most simple of these rela-
tions

V= C(D/Mr)v» (3)8

(v = vibrational frequency, D = dissociation
energy, Mr = reduced mol. mass) yields for di-

atomic molecules grouped near fluorine in the
periodic system the C-values listed in Table I1.

Tabie I

C X 10+12 According to Eq. (3)
vin sec.-1, D in kcall./mole

Ns 12.4 02 122 £2 ?
SO I 11.4 GIF 10.6
PN (10.3)
L10.1
/ 8.5
Pa S2 o3 cl, 9.4
\9.4
As, 8.2 Se2 9.4 Br» 9.1
Te2 8.3 h 8.6

In the horizontal lines the (7-values remain nearly
constant, while decreasing in the vertical columns.
By extrapolation a C-value of fluorine comes out
between 13 and 11.5 X 10+12 corresponding to a
dissociation energy of likewise 40 to 50 kcal./mole.
Finally a series of splitting energies of 7-electron
systems: D(H3C...CH3 = 90; D(H2N..NH?2
= 60; D(HO. ..OH) = 52 kcal./mole points to a
dissociation energy of fluorine below 50 kcal./mole.

(3) L. Wahrhaftig, J. Chem. Phys., 10, 248 (1942); H. Schmitz and
H. J. Schumacher, Naturforschg., 2a, 359 (1947).

(4) E. Wicke, Nac.hr. Akad. Wiss. Gottingen, 89 (1946). Using
Qf(CIF) = 15 kcal./mole according to H. Schmitz and H. J. Schu-
macher, Naturforschg., 2a, 362 (1947), D(Ft) comes out to 33 kcal./
mole.

(5) Birge-Sponer extrapolation of the vibrational quanta of HF
molecule.

(6) Values according to A. D. Caunt and R. F. Barrow, Nature, 164,
753 (1949).

(7) Values according to A. D. Caunt and R. F. Barrow, Trans.
Faraday Soc., 46, 154 (1950).

(8) A. Eucken, Ann., 440, 111 (1924),
Wicke, Naturviiss37, 233 (1950).

see also A. Eueken and E.
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2. Dissociation and Thermal Conductivity9

From the range of D(F2 = 40 to 50 kcal./mole
mentioned above, the fluorine molecule should be
dissociated into atoms already at 600° and 1 atm.
to an amount of about 0.1 to 1% and to corre-
spondingly higher percentages at lower pressures.
A very sensitive test of dissociation is the measure-
ment of thermal conductivity of the gas in ques-
tion. The dissociation on the hot side of the tem-
perature drop, used for measurement, and the re-
combination on the cold side gives rise to an addi-

tional term to the normal molecular conductivity
1—a Dpwp

X
Aa -« RaT 3

1+ a D

with a = ratio of dissociation at the (mean)
temperature T, D = coefficient of diffusion of the
atoms in the molecular gas, p = total pressure,
Wp = heat of dissociation at temperature T. Ra-
tios of dissociation in the order of about 1% are
able to cause an increase in thermal conductivity of
eventually 20 to 30%.

The thermal conductivity of fluorine was measured by use
of the well known method of an electrically heated wire.
This wire, 25 cm. long and consisting of pure nickel, was
stretched in a nickel tube, 9 mm. diameter, by means of an
appended Ni-weight, see Fig. 1 (diameter of wire usually
0.04 mm., at the highest temperature of conductivity meas-
urement 0.08 mm.). The leads consisting of 0.4 mm. Ni-
wires connect the apparatus with the Wheatstone bridge.
The use of three lead-in wires as shown in Fig. 1 serves to
eliminate their resistance. The nickel tube was held at con-
stant temperatures during measurement by means of suit-
able cooling baths or an electric furnace. The nickel wire
was electrically heated to an amount of 5 to 10° above the
temperature of the tube wall and served at the same time as
resistance thermometer to determine this temperature dif-
ference. To obtain the thermal conductivity from the
measured heat current, argon was used for comparison and
calibrating, because its thermal conductivity is known or can

Fig. l1.— Hot-
wire. cell for meas-
uring thermal con-
ductivities: Q,
8 mm. tube of fused
silica to evacuate
and fill the measur-
ing cell; a,b,c,
lead-in wires (0.4
mm. Ni); X~.Ss,
ground joint be-
tween fused silica
and steel; K, cop-
per capillary sol-
dered on the steel
for water cooling;
N, Ni-tube, 9 mm.
diameter, 35 cm.
long; M, Ni-meas-
uring-wire, 0.04
mm. and 0.08 mm.

diameter, respec-
tively; G, Ni-
weight to stretch

the measuring wire,
25 cm. long.

(9 In full detail published by h Ib Franck and K Wicke, z. Elek-
trochem., 55, 643 (1951).
(10) W. Nernst, Ann. 1'1iyx.. Boltzmann-Festschrift, 904 0904),
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be calculated with sufficient accuracy at all interesting tem-
peratures.

The fluorine was prepared by thermal splitting of C1F3at
about 700° and subsequent freezing out of the simultane-
ous!} formed GIF (as well as remaining CIFj). It was led
to the nickel tube by means of a vacuum assembly made
from fused quartz. The measurements covered the tempera-
ture range from 90 to 800° K. Already 20 to 30° above
this temperature the nickel wire was seriously corroded by
the hot fluorine atmosphere and its resistance varied contin-
uously to such an extent that further measurements proved
to be unreliable.

The results achieved are shown in Fig. 2, together with
measured curves of several other gases. The dashed lines
demonstrate the temperature dependence of the total thermal
conductivity (AnpieQiar + Aa) at p = 1 atm. calculated
by means of Eq. (4), if the values of the heat of dissociation
at temperature T noted in Fig. 2 are used (the dissocia-
tion energies at 0°K. are about 1.5 kcal./mole smaller).
In these calculations the diffusivity of the atomic fluorine
in the molecular gas was taken relatively small as

DF v2 = 0.20(i'/273)1:% cm.2sec. at 1 atm. total pressurell

The A values measured at the highest temperature (515°)

.however, taking into account their range of uncertainty,

noted in Fig. 2, fitinto the curve to be expected for “normal”
thermal conductivity. At this temperature all together 12
measurements with fluorine were carried out in the. pressure
range 50 to 340 mm., which yield the mean value

Asti» = 1.46 + 0.06 X 10~4cal./cm. sec.°C.

A pronounced dependence from total pressure, as can be
expected by influence of dissociation, was not observed in
this measurement (using TFP = 45 kcal./mole one calculates
Aaatp = 50 mm. about 0.2 X 10~4kcal./cm. see. °C. larger

°C.

-200 -100 -0++100 +200 +300 +400 +500

Fig. 2.— Thermal conductivity of fluorine and several
other gases (104 cal./cm. sec. °C.) between 100 and 800°K .:
(full lines, measured values; dashed lines, total conductivity
of fluorine as calculated by equation (4) at p = 0.1 atm. us-
ing the values of the heat of dissociation noted on the curves).

1) The ecefficient- of self-diffusion of molecular oxygen, according

to Winter, Trans. Faraday Foe., 47, 342 (1051), amounts to 0.175
mi.-/sec. at 0° and latm.
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than at p = 340 aim.). Since no sign of dissociation could
be detected in this work on the thermal conductivity of fluo-
rine, this result argues against values smaller than 43 kcal./
mole for the dissociation energy of this molecule.

By means of a similarly constructed glass apparatus con-
taining a heated platinum wire, the dissociation of gaseous
iodine however could be observed very distinctly, see Fig. 3.
Although the vapor of iodine dissociation at the assigned
pressures and above 400° is merely 0.1-0.2%, this dis-
sociation causes an appreciable increase of the thermal con-
ductivity above the “normal” molecular value (dashed
straight line in F:g. 3). The normal value was calculated
by making use of known data of viscosity. Even the pres-
sure dependence of thermal conductivity, being expected as
a result of. dissociation, appears quite obvious in this case.
The dotted curves show the calculated total conductivities
at 55 and 175 mm. according to eqn. (4). They correspond
to the measured values within 10% satisfactorily.

T, °K.

Fig. 3.— Thermal conductivity of iodine vapor (104 cal./
cm. sec. °C.) between 450 and 700°K. at different pressures:
(full lines, measured values; dashed straight line, calculated
without dissociation; dotted lines, calculated considering
dissociation at 55 and 175 mm.).

3. The Explosion Method

The data of thermal conductivities communicated in Fig.
2 are valuable results; especially those of the difficult fluo-
rine. It must be pointed out, however, that the determina-
tion of the dissociation energy of fluorine by means of its
thermal conductivity fails at present for want of a wire
material of sufficient chemical resistance. Efforts are in
progress to overcome this difficulty and to raise the tempera-
ture of measurement by 100° at least, where the dissociation
effect in all probability will appear. Nevertheless the prob-
lem has been attacked from another side too, namely, by
measuring the pressure impact brought about by explosion
of an H2F j mixture in a suitable spherical steel vessel.12
The heat of formation of HF and the specific heats of the
partaking molecules being known, the adiabatic maximum
temperature and the maximum pressure of such an explo-
sion can be calculated. Applying an excess of fluorine in
the original mixture the “effective” specific heat will appre-
ciably increase with beginning dissociation and cause a
corresponding decrease in the temperature and pressure pro-@

02) H. Friz. Dissertation, Gottingen, 1952.
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duced by the explosion. From the difference between the
measured peak of the explosion pressure and the one calcu-
lated from normal specific heats the value of the dissociation
energy can be derived.

After filling known quantities of both gases into the steel
sphere of 30 cm. diameter the mixture is ignited by means of
an electric spark. A steel membrane placed in the wall of
the sphere serves as plate of a condenser, which changes its
capacity by the effect of the explosion pressure. These
capacity alterations were observed by a recording apparatus
after suitable amplification. Hitherto we have obtained
pressure-time-curves such as shown in Fig. 4. One per-
ceives the electrical effect of the ignition-spark and after an
induction period of about I/m second the steep increase of the
explosion pressure. Because of the oscillations following
this pressure increase, these curves are not yet suitable to be
evaluated. We hope however it will be possible to reduce
these oscillations by altering the explosion conditions, thus
obtaining a further method of determining the dissociation
energy of fluorine. If it turns out that this value is larger
than 45 kcal./mole (but surely smaller than 50), the heat of
formation of C1F would decrease to the improbably small
amount of 6.5 to 9 kcal./mole (see Table I, first line). In
this case a new determination of this value would be neces-
sary too.

TIME (seconds). —>

Fig. 4.— Pressure-time-curve of the explosion of an H2F 2
mixture in a steel sphere.

With these small values of the dissociation energy of the
fluorine molecule, the electron affinity (Ea) of the fluorine
atom will decrease as well. By means of the lattice energies
of the alkali fluorides the two values are related by

EaF) = 625 4- kcal./mole (5)
With D(F2) = 45 kcal/mole, Ea(F) = 85 kcal./mole,
whereas E,(O) = 53.5; EaCl) = 87; EaBr) = 81;

= 72 kcal./mole, respectively. Chlorine therefore
will be more electronegative than fluorine, regarding the
electron affinity of the free atoms. Nevertheless, fluorine
continues to be the most electronegative element with re-
spect to chemical bonds. There has to be made a sharp dis-
tinction between the electron affinity of free fluorine atoms
on the one side and the electronegativity of bonded fluorine
atoms on the other side (see the analogy in the case of oxy-
gen). This distinction is of a similar type as that between
excited states of free atoms and their promoted valence
states in chemical bonds.
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In a complex such as the sulfate ion the sulfur-oxygen bond assumes multiple-bond character through resonance involving

one sigma bond and two pi bonds.
number for resonance of this sort.

An empirical equation has been formulated connecting interatomic distances and bond
On application of this equation it is found that in many complexes the amounts of multiple-

bond character are such as to cause all atoms to conform rather closely to the principle of electroneutrality.

A number of years ago there was developed in
our laboratoriest an interpretation of observed
interatomic distances in the oxygen acids and re-
lated substances in terms of the partial double-
bond character of ahe bonds. For example, the
Si-0 distance 1.60 A. observed in the silicate group
in silica and many silicate crystals, which is 0.23
A. less than the sum of the single-bond radii, was
interpreted as indicating that the silicon atom forms
with each of the four adjacent oxygen atoms a bond
that is essentially a double bond, making use to
some extent of the 3d orbitals of silicon, as well as
the 3s and 3p orbitals. This interpretation is not
completely satisfactory, in that bonds of this sort,
even with areasonable amount of ionic character for
the abond (about 40%), would correspond to a neg-
ative charge on the" silicon atom, which however
would be expected to have a positive charge.

Schomaker and Stevenson: have introduced a
revised set of single-bond covalent radii for the
first-row elements, and an equation by means of
which the effect of partial ionic character of a bond
on the interatomic distance may be computed;
the use of their system leads to a smaller difference
between the observed interatomic distances and
those calculated for single bonds with the normal
amount of ionic character, as given by the difference
in electronegativities of the bonded atoms. Pitzers
has recently stated that he does not believe that
these bonds have any multiple-bond character
whatever; he suggested that the observed short
distances are due entirely to the Schomaker-
Stevenson shortening plus a bond-lengthening effect
that operates in bonds between second-row atoms
(such as the Si-Si bond) because of a great repulsion
of inner shells. The question of the nature of the
bonds has been discussed also by Wellss and
Moffftt.6

A few years agoe7 1 proposed an electroneutrality
principle—the postulate that the electron distribu-
tion in stable molecules and crystals is such that the
electrical charge that is associated with each atom
is close to zero, and in all cases less than % 1, in
electronic units. In a molecule involving single
bonds we expect a transfer of charge from atom to

(1) See L. Pauling, “The Nature of the Chemical Bond,” Cornell
University Press, Ithaca, N. Y., 1939, Chap. 7.

(2) Y. Schomaker and D. P. Stevenson, J. Am. Chem. Soc., 63, 37
(1941).

(3) K. S. Pitzer, ibid., 70, 2140 (1948).

(4) A. F. Wells, J. Chem. Soc., 1949, 55.

(5) W. E. Moffitt, Ptoc Roy. Soc. (London), A200, 409 (1950)

(6) L. Pauling, Victor Henri Memorial Volume, Li£g& Maison
Desser, 1948.

(7) L. Pauling, J. Chem. Soc., 14G1 (1948).

atom as a result of the partial ionic character of the
bonds. For the Si-O bond, for example, the
difference in electronegativity of the two atoms
corresponds to a partial ionic character of the a
bond amounting to roughly 50%, as found by use
of the empirical function based on dipole-moment
data.s The partial ionic character of four Si-0
single bonds would thus confer on the silicon atom a
charge of approximately + 2, which is incompatible
with the electroneutrality principle. A reasonable
way to neutralize this large positive charge is
through the formation of x bonds between oxygen
and silicon, with use of the extra outer electron
pairs of the oxygen atom. If each Si-O bond were
to have about 50% x-bond character enough nega-
tive charge would be transferred to the silicon atom
to give it the resultant charge zero, and thus to
cause silica and the silicates to satisfy the electro-
neutrality principle.

| have found that the assumption that in mole-

cules and crystals in which there are atoms with
extra electron pairs the bonds have somewhat less
x-bond character than necessary to neutralize the
charges on the atoms due to the a bonds, as cal-
culated from differences in electronegativity of the
bonded atoms, leads to calculated interatomic
distances, electric dipole moments, and bond
angles in good general agreement with experiment.
Use is made in this calculation of a new equation
that is proposed for representing the shortening
effect of x-bond character when two pairs of x
electrons are involved, and also of a revised relation
between the partial ionic character and the electro-
negativity difference.

Interatomic Distances for x-Bond Resonance

In calculating the interatomic distance with use
of the amount of x-bond character we need an
equation different from the original equation
representing resonance between single bonds and
double bonds. The original equations

R =R,- (Ri - R{)zn/@n" + 1) (1)

in which n’ is the amount of double-bondcharaeter,
leads with Rx — Ra given the value 0.21 A. to satis-
factory agreement with the observed carbon-carbon
interatomic distances for graphite and benzene in
relation to those of ethane and ethylene. The
curve corresponding to this equation is shown in
Fig. 1. It falls below the curve R = Ri — 0.706
log n, in which n is the bond number, by about

(8) Reference 1, Sec. 12.
(9) Reference 1, Chap. 5.
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Fig. 1.— Curves representing the dependence of inter-
atomic distance on amount of x-bond character for reso-
nance with a single x electron pair, and with two x electron
pairs. The uppermost curve represents the function R =
Ri — 0.706 log n, in which n is the bond number; it corre-
sponds to the dependence of interatomic distance on bond
number withou" correction for resonance shortening. The
numbers 1, 2, 3 as abscissas are bond numbers, which are 1
greater than n».

0.03 A. in the neighborhood of 50% double-bond
character, because of the stabilizing effect of reso-
nance.10 In case that two pairs of x electrons,
corresponding to the wave functions pv and pz
(with the x axis taken in the direction of the bond),
are involved, a larger amount of resonance energy
would be expected for the same amount of x
character than in case that only one pair of X
electrons isinvolved. It is found by solution of the
appropriate secular equation that the resonance
energy for 50% x-bond character when equally
divided between iry and x3 is about twice as great
as the resonance energy for 50% x-bond character
of a single type; we would accordingly predict that
the interatomic distance would be about 0.03 A.
less for the former case than for the latter case.

In the following discussion use is made of an equation that
has been formulated by the method given earlier in a discus-
sion of the equation for resonance between a single bond and
a double bond1l and of the interatomic distances in the car-
bon monoxide molecule and carbon dioxide molecule.2

The potential function for the bond is assumed to have the
form

V(R) =i aMR - RiY + | aM R - R*y +

1 aMR - RiY (2)

in which ai, «2 represent the extents to which the single-
bond structure, the double-bond structure, involving either
the try or the x, electron pair, and the triple-bond structure,
involving both of these electron pairs, contribute to the state
of the molecule, the k's are their force constants, and the
R's their interatomic distances. For single, double, and
triple bonds the k’s may be taken in the ratio 1:3:6. The
equilibrium value of R is found by equating the derivative
dV/dR to zero and solving for R, which leads, with intro-

duction of the empirical values 0.21 A. for Ri — R2and 0.34

(10) L. Pauling, J. Am. Chem. Soc., 69, 542 (1947).
(11) Reference 1, Sect. 22.
(12) Reference 1, Sect. 25.
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A. for Ri — Rg, and by taking the values of on, a2, and 03 as

1 %ixl), and hnx 2, corresponding to

T2 x/ x\
independent resonance of the x,, and xzelectron pairs, to the
result

| 0.63n,r + 0.195n2»
K = K1 — -2 : (0)

1 -f2n™ f-—nA

Here nr is the total amount of x-bond character.

The curve corresponding to this equation is also shown in
Fig. 1. It is seen that it lies below the curve representing
resonance between a single bond and a icy (or xz) double bond
by the amount 0.026 A. at nir = 0.5, and by 0.045 A. at the
point for a pure double bond, nr = 1.0, these differences
representing the effect of the extra resonance stabilization
when two x electron pairs are involved. Values correspond-
ing to the curve are given in Table I.

Tabite |

Bond Shortening by x-Bond Resonance

il7r -AR nK -AS

0.0 0.000 0.8 0.227
1 .054 0.9 241
.2 .095 1.0 .255
.3 127 1.2 276
.4 .154 1.4 .294
5 .176 1.6 .310
.6 .195 1.8 .325
7 212 2.0 .340

“ Here tk is the amount of x character (the sum of xaand
x2, which are equal), and —AR is the bond shortening, in A.

For calculating the interatomic distance for a single bond,
Ri, involving an atom of nitrogen, oxygen, or fluorine (or
two such atoms), we use the equation of Schomaker and
Stevenson; namely

Ri = Rk + Rb- 0.091za - xB| (4)
The radii 0.74 A. for nitrogen, 0.74 A. for oxygen, and 0.72
A. for fluorine are to be used with this equation.

The question may be raised as to the extent to which the
Schomaker-Stevenson correction includes recognition of the
double-bond effect. Equation 4 applies to trimethylamine
and dimethyl ether, in which there is no double-bond for-
mation expected because the more electropositive atom in
the C-N and C -0 bonds, the carbon atom, is given a nega-
tive charge by the partial ionic character of its bonds to
hydrogen that is larger in magnitude than the positive charge
conferred on it by the C-N or C-0 bond, and hence does
not have a free x orbital to accept an electron from the ni-
trogen or oxygen atom. We conclude that separate con-
sideration must be given to the effect of the formation of x
bonds by atoms of second-row elements with use of 3d orbitals.
The correction for this effect is made by application of
Equation 1 or Equation 3.

The Partial lonic Character of < Bonds

A number of years ago an equation was pro-
posed1s for calculating the partial ionic character
of a a bond between two atoms A and B from their
electronegativity difference xa — £b

partial ionic character = 1 — e_a OA—sb)!

(5)

This equation, with a = 0.25, was based on the
observed electric dipole moments of HC1, HBr,
and HI. Since then the value of the dipole moment
of HF has been determined; it is 1.98 D, which
corresponds to 47% ionic character, whereas Equa-
tion 5with a = 0.25 gives 59%. It seems justified
to formulate an empirical function, based on the
values 5, 11, 17, and 47% for the hydrogen halides
HI, HBr, HC1, and HF, as calculated from their

(13) Reference 1, Chap. 2.
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electric dipole moments and internuclear distances.
The values given in Table Il were obtained by
making uniform slight adjustments, by not over
+0.03, in the curve of Equation 5 with a = 0.18,
so as to conform to the values for the hydrogen
halides. Several authors have pointed out that
other structural features (unshared electron pairs,
asymmetry of electron distribution for pure co-
valent bond between unlike atoms) contribute to
the dipole moment, but lack of knowledge of the
magnitude of their contributions prevents us from
making corrections to the values given in Table I1.

Table Il
Partial lonic Character of Bonds in Relation to
Electronegativity Difference
Axa I« Ax I Ax I
0.0 0 0.9 17 1.8
i 1 1.0 20 1.9 47
2 2 1.1 23 2.0 51
3 3 1.2 26 2.2 58
4 5 1.3 29 2.4
5 7 1.4 32 2.6 70
.6 9 1.5 35 2.8 16
N4 n 1.6 38 3.0 80
.8 14 1.7 41 3.2 83

“1 is the per cent, partial ionic character, and Ax is the
electronegativity difference xa — xB.

The Extent of T-Bond Formation

In a molecule such as SiF4 in which the central
atom forms several bonds with a large amount of
ionic character (58%), it is to be expected that a
compensatory mechanism, the formation of
bonds, would operate to reduce the charge on this
atom; but it also seems likely that this mech-
anism would not reduce the charge to zero, but
rather would leave it at an intermediate value.
An experimental determination of the charge dis-
tribution for this molecule is not easily made.
The consideration of values of electric dipole
moments and interatomic distances for many sub-
stances has indicated that the extent to which «
bonds are formed is dependent on the row-numbers
of the atoms involved and on the number of bonds
formed by the central atom. Let us consider a
molecule M X,,, in which each atom X is attached to
the central atom M by a a bond and n,t bonds.
Let the electronegativity difference of Al and X
be such as to transfer the charge e from each X to
M. The charge distribution is then ™ "(e_reD
X —e—~A. We assume that the energy E of the
molecule contains a quadratic term in the charge

of each atom: - fce — nw2for each atom X and

;\ kn'2e — nT)2 for M. This term represents the

electroneutrality principle: it operates to minimize
the charges on the atoms. The value of k depends,
of course, on the nature of the atom; for simplicity,
we shall neglect this dependence. We also assume

that E contains amsimilar term ~ k’nj2 for each

bond, representing the resistance of the r electron
pairs of X to being drawn into « bonds. The ex-
pression for E is thus
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E = ~NonZ2e — nTy- + ~kn(e — riir)- +~k'nnir2 (6)

The.energy has a minimum value relative to the
structural parameters. Hence we place

bE/bth, = —k(n2+ M) —nr) + kk'mw = 0 (7)

which leads to

Vz = n+ 1 ION
e k'’/k + n+ 1 '

This equation gives the calculated extent of
neutralization of the charge due to the < bonds
through T-bond formation, as a function of the
number of X atoms in the molecule, n, and the ratio
k'/k of the two force constants, the electroneutrality
constant k and the T-electron constant k'. With
k'/k = 1.5, for example, the values 0.77 for n = 4
and 0.57 for n = 1 are obtained.

Dipole-moment and interatomic-distance data
indicate that Equation 8 can be used generally for
compounds MX,, by giving k'/k the values 0.0555
X 3(at+w, in which a and b are the row-numbers
of atoms M and X, respectively: 1 for O and F,
2 for Si, P, S, Cl, and so on. Table Ill contains
values of n/e* calculated in this way.

Table Il

Percentage of Neutralization of Bond Moment by

t-Bond Formation for Molecules M X,

a-b= 3 4 5 6 7
n =i 57 3L 13 5 2
2 67 40 18 7 2
3 73 47 23 9 3
4 7 53 27 1 4

Sulfur Dioxide and Other Oxides

For sulfur dioxide, with resonating Lewis struc-
ture

1 +/0: + /IO

1S\
1 X): o;-1

a charge — " is placed on each oxygen atom and

+ 1 on the sulfur atom. In addition, the electro-
negativity difference 1.0 leads to 20% ionic char-
acter for each « bond. The charge distribution
without T-bond formation would be S+1-4002~00
From Table Il (a+ b —3, n = 2) we obtain 67%
as the amount of neutralization of charge through
T-bond formation, which gives = 0.47 and the
charge distribution S+0-4602~0-23

This charge distribution, with the known struc-
tural parametersis S-0 = 1433 A. and Z O-S-O =
119.5°, leads to 1.61 D as the calculated value of the
dipole moment. This value agrees exactly with the
experimental value.

For S-0 the single-bond distance is 1.69 A., and
the T-bond correction (for nT = 097, the sum of the
T-bond by the
050, and that induced by the charge distribution,
0.47) is 0.25 A.
is 1.44 A., in

experimental value 1.433 A.

character given Lewis structure,

Hence the predicted S-0 distance

satisfactory agreement with the

(14) B. P. Dailey, S, Golden, and E. B. Wilson, Jr., Phys. Rev., 72,

871 (1947).
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For sulfur trioxide, with resonating Lewis struc-

ture
ro- 0-0- 0-i

vg-/ vV s/ Vs

T d o 4- 3

and 0.20 ionic character of the ITbonds, the charge

0 O

distribution before T-bond neutralization is S+ 2-60

Q3—°-87. Table ”l gives 73% neutralization, which
leads to N = 0.97 (including 0.33 for the Lewis
double bond). The predicted S-0 distance is
hence 1.44 A., which agrees satisfactorily with

the observed value, 143 + 002 A
For dimethyl sulfone, (CH3)2502, the predicted
amount of T-bond character is 0.67 X 1.10 = 080,

which leads to S-0 = 1.46 A., slightly larger than
the 143 £ 0.02 A. in di-
methylsulfoxide, (CLLASO, the predicted value of nT
is 0.57 X 01.20 = 068, and the predicted value of
S-O, 148A, agrees with the observed value, 1.47 .

An interesting example is provided by the trimer
of sulfur trioxide. In this molecule the three sulfur
atoms are joined together into a six-membered ring
by bridging oxygen atoms, and each sulfur atom
also has attached to it two unshared oxygen atoms,
in addition to the two bridging oxygen atoms, the
four oxygen atoms being arranged tetrahedrally
about it. The sulfur-oxygen distance is 1.60 A.
for the bridging oxygen atoms, and 1.40 A. for the
others. The Lewis structure, with 20% ionic char-
acter of a bends, gives the charge distribution
g+2.80Qs-0.40Q6-.20_ \\e make use of the value for
n = 4 of Table Ill, 77%, which leads to 0.15 and
0.92 for nT, and hence to 1.61 A. and 1.44 A. for
the two kinds of S-0 bonds, in reasonably good
agreement with experiment.

Molecules of
P40O10 aiso
The predicted amounts of T-bond character,

X 032 = 0.283 ana 0.77 X 032 =

lead with

experimental value,

P406
atoms.

0.73
025, respec-
single-bond distance
I. 71 A. and Equation 1 to theopredicted value 1.61
A. for P-0 in P406 and 1.60 A. in P4Oi0 The ob-
served values, 1.65 + 0.02 A. in P«0s and 1.62
+ 0.02 A. in P40io, are slightly larger.

For the oxygen atoms in P4Oio that are bonded to
only one phosphorus atom the predicted amount of
T-bond character, 1.02, leads to 1.45 A. for the
P==0 distance. This is in only rough agreement
with the observed distance, 1.39 = 0.02 A.

the oxides of phosphorus

and contain bridging oxygen

tively, use of the

Salts of Oxygen Acids

The discussion of interatomic distances in salts
of oxygen acids of the second-row elements is pre-
sented in Table IV. In the first row of this table,
below the names of the salts, there are given values
of the electronegativity difference xa — %b, in the
second row the sum of the single-bond radii, in the
third row the Schomaker-Stevenson correction,
and in the fourth row the single-bond interatomic
distance. The next row contains the fractional
amount of ionic character of the a bond, as given by
the electronegativity difference with use of Table
Il. The next row contains the amount of positive
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charge placed on the central atom, per bond, by the
single-bond formula; thatis, it is equal to the oxida-
tion number of the central atom diminished by 4
and divided by 4. The sum of these two quantities,
given in the following row, is the amount of charge
placed on the central atom by one bond of the
single-bond structure. This number multiplied
by 0.77, from Table 111, in the next row, represents
the amount of T-bond character. The following
row gives the change in interatomic distance corre-
sponding to this amount of T-bond character, as
calculated with Equation 3, and the row below it
the predicted interatomic distance, according to our
assumptions. Finally, in the last row there are
given values of the observed interatomic distances
in crystals of salts of these acids. It is seen that
the agreement with experiment is good.

The charges on the oxygen atoms due to partial
ionic character of the bonds to the metal atoms in
the silicates and other salts should be taken into
consideration in making this calculation. These
charges lead to further decreases in the Si-O, P-O,
S-0O, and CI-0 distances, of amount depending
on the nature of the metal and the structure of the
crystals. Because of uncertainties in the system
of equations used in this paper, this refinement in
the calculation has not been carried out.

It is interesting that the amount of T-bond char-
acter in these oxygen complexes varies from about
Vs to about 27, and that for the sulfate ion it corre-
sponds closely to the resonance formula

, etc.

in which the central atom is shown with zero formal
charge.
Table IV

Interatomic Distances in Salts op Oxygen Acids

Salt Silicate Phosphate Sulfate chlljoerl;te

Electronegativity

difference 1.7 1.4 1.0 0.5
Sum of radii 1.91 1.84 1.78 1.73
—0.09 Xk — xb\ -0.15 -0.13 -0.09 -0.05
Single-bond

distance 1.76 1.71 1.69 1.68
lonic character of

a bond 0.41 0.32 0.20 0.07
Formal charge per

bond .00 .25 .50 .75
Sum 41 .57 .70 .82
Amountof T-bond

character .32 44 .54 .63
Correction for t-

bond -0.13 -0.16 -0.18 -0.20
Predicted dis-

tance 1.63 1.55 1.51 1.48
Observed distance 1.62“ 1.556 1.50° 1.49i

= Average of reported values for zircon, andalusite, silli-
manite, staurolite, topaz, titanite, thortveitite, muscovite,
apophyllite, hardystonite, analcite, carnegieite, sodalite,
danburite, scapolite, and cristobalite; mean deviation 0.02
A. 1Average for BPO, (1.54 A.) and KH2PO, (1.56 A.).
c For K 250* and other sulfates. dFor Mg(C104)-6Hj0.
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It may be emphasized that bonds corresponding
to a completed sp3octet for the second-row atom
are to be distinguished from those involving orbitals
beyond the octet. It is the octet bonds—the Lewis
structures—that are of primary importance in
determining the bond angles and general configura-
tion of the complex, with the additional 7r bonds,
involving d orbitals, effective mainly in changing
the interatomic distances and the charge distribu-
tion.

It might be possible to formulate an empirical
system of quadratic energy terms, like those in
Equation 6, that would reproduce many properties
of molecules in a satisfactory way. Efforts to this

BOND LENGTH CALCULATION

Bond Length Calculation in Conjugated Molecules

365

end have not yet been successful; even the simple
treatment of Equation s fails when it is applied
to molecules in which atoms of two or more kinds
are attached to a central atom, and a similar treat-
ment of the charge distribution (electric dipole
moment) in molecules in which polar bonds interact
with one another through induction has been found
to be only partially satisfactory. The practical
difficulties attending the quantum-mechanical
treatment of the electronic structure of molecules
are so great that the main hope for future progress
in the treatment of molecular structure may well
lie in the development of a quantitative empirical
theory of this sort.

IN CONJUGATED MOLECULES

By 0. Chalvet and R. D audel

University of Paris, Paris, France

Received January 6, 1952

Hartmann has recently introduced the notion of bond type.
Vroelant and Daudel, using the spin states method, have shown that to

mined by the number of the adjacent C-C bonds.

The bond type in a purely conjugated hydrocarbon is deter-

a rather good approximation Penney’s bond order for such a bond depends only on the types of the adjacent C-C bonds. A
given bond is designated by a notation based upon the types of adjacent bonds.
It is possible to show that there is for each notation a good relation between its exact Penney’s bond order and the Pauling

double bond character taking account of only the Kekule formulas.

In this manner the evaluation of the Penney bond

orders requires only the calculation of the Pauling double bond characters which are very easy to obtain.
Following an idea of Pauling and work by P. and R. Daudel, A. Laforgue has established an empirical self consistent method

of evaluating the bond orders and the atomic charges in a conjugated molecule.

This method uses the relations between

interatomic distances, bond orders and the /S integrals, and the relations between charges, electronegativities and the a

integrals.

This method has been applied to the evaluation of the interatomic distances in some molecules like N 4 The

large N-N bond length found experimentally in this molecule is accounted for.

Introduction

This paper is devoted to the description of some
methods useful in the calculation of interatomic
distances in conjugated molecules.

In the first part we are concerned with a very
simple method of estimating bond lengths in purely
aromatic hydrocarbons.

In the second part we describe a possible way of
evaluating with a rather good accuracy the bond
lengths in some more complicated molecules.

A Very Rapid Method of Estimating Bond Lengths
in Purely Aromatic Hydrocarbons

The simplest method of estimating the bond
lengths in aromatic hydrocarbons is to determine
the “double bond character” using only the Kekule
formulas as Pauling suggests.!

It is now well known,2 that the calculation of the
bond orders using the molecular orbital method, or
the valence bond treatment lead to better results.
Evidently such a process is very laborious for large
and non-symmetrical molecules, such as benz-
anthracene, for example.

Here, we describe a method as simple as Pauling’s
process but giving about the same accuracy as the
molecular orbital treatment. It is applicable to the
estimation of bond lengths in such polyaromatic

(1) Pauling, “The Nature of the Chemical Bond,' Cornell Univ.
Press, Ithaca, N, Y.

(2) See for example Coulson, Daudel and Robertson, Proc. Roy. Soc.
{London), in the press.

compounds as naphthalene, anthracene, pyrene,
coronene, ovalene, and so on.

Hartmanns has recently introduced the notion
of bond type. The bond type in a purely con-
jugated hydrocarbon is determined by the number
of the adjacent C-C bonds. As an example the
a-/3 bond in naphthalene is designated as bond type
2 and the central bond as type 4.

Vroelant and Daudels using the spin method,
have shown that with a rather good approximation
the bond order of such a bond depends upon only the
types of the adjacent C-C bonds.

A particular bond is more fully described by
means of a notation in terms of the bond types of
adjacent C-C bonds. The following diagram shows
the types of the bonds in naphthalene. As an

2 33a 2

2 33 2

example of the notation the a-/3 bond is desig-
nated,23 the ;3-/3 bond (2,2), and the central bond
(3,3,3,3).

Now it follows from the Vroelant and Daudel
approximation that the bond order of a bond is
related to the above notation.

As there is a relation between bond order and
length we are able to construct Table | giving for

(3) Hartmann, Z. Nalurforschuny, A, Feb., 1947.
(4) Vroelant ami Daudel, Bull. soc. chim. France, 16, 30, 217 (1949).
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each bond (designated by the notation described
above) the bond order and the bond length.s

Tabite |
Penney's Penney’s
7T-bond 7r-bond

Bond® order Length Bond® order Length
) 0.827 1.362 (2,3,3) 0.403 1.423
(3) 0.873 1.353 (2,3,4) 0.508 1.420
(1,1) 0.437 1.438 (2,4,4) 0.537 1.414
(1,2) 0.524 1.416 (3,3,3) 0.537 1.414
(1,3) 0.566 1.408 (3,3,4) 0.556 1.410
(2,2) 0.612 1.398 (3,4,4) 0.578 1.405
(2,3) 0.652 1.388 (2,2,3,3) 0.324 1.465
(2,4) 0.676 1.385 (2,2,3,4) 0.346 1.460
(3.3) 0.692 1.380 (2,2,4,4) 0.367 1.455
(3,4) 0.714 1.377 (2,3,3,3) 0.367 1.455
(4.4) 0.735 1.373 (2,3,3,4) 0.387 1.450
(1,2,3) 0.367 1.455 (2,3,4,4) 0.407 1.445
(1,2,4) 0.387 1.450 (2,4,4.,4) 0.428 1.440
(1,3,3) 0.407 1.455 (3,3,3,3) 0 .407 1.445
(1,3,4) 0.428 1.440 (3,3,3,4) 0.428 1.440
(1,4,4) 0.440 1.436 (3,3,4,4) 0.440 1.436
(2,2,2) 0.412 1.443 (3,4,4,4) 0.469 1.430
(2,2,3) 0.452 1.433 (4,4,4.,4) 0.489 1.425
(2,2,4) 0.472 1.428

“The numbers in parentheses give the bond types
C-C bonds adjacent to the bond in question.

Table Il
P

i Length6
Bond Notation Calcd. Obsd.
P (3,3) 1.380 1.385
Q (2,3.4) 1.420 1.415
R (3,3,4,4) 1.436 1.43
S (4,4,4,4) 1.425 1.43

Using Table I, we can obtain immediately the
length of a bond in a conjugated molecule when we
know its formula.

Table 1l compares with experiments the results
obtained in the coronene case. The agreement is
extremely good: That is to say, a conjugated
hydrocarbon without substituent or heteroatom.

It is nevertheless possible to increase the accuracy
of the process. For a given notation, the bond

Pauling’s double bond characters.
Fig. 1.—The plots correspond to some molecules for which
the bond orders have been yet rigorously calculated.

(5) Vroelant and Daudel, Compi, rend.. 228, 399 (1949).
(6) Robertson and White, J. Chem. Sor., 607 (1945); 358 (1947),.
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orders are subject to small variations from one mole-
cule to another. We can draw for each notation of
bond, a curve giving the bond order (using the Coul-
son’s definition or the Penney definition) as a func-
tion of its Pauling’s double bond character.

Figure 17 shows the results for the notations
(2,2), (2,3) and (3,3) and gives an idea of the
accuracy of this method.

Calculation of the Bond Lengths in the Case of
More Complicated Molecules

In the case of more complicated molecules such
as substituted hydrocarbons like toluene or hetero-
atomic conjugated molecule like quinoline, benzoic
acid, N204 and so on, no simple methods are pres-
ently known.

Here we shall describe a rather complex method
giving good determinations of the bond lengths in
such molecules and taking into account a large
number of factors.

This method which is based on the molecular
orbital theory, is an iterative one, and it is rather
similar to the process used by Wheland.and Mann,s
but is more systematical.

In a first approximation the a integrals are taken
as proportional to the Pauling electronegativities
of the neutral atoms,9 and the /3 integrals are as-
sumed to be unity.

With such parameters the usual L.C.A.O. secular
equation is solved and the bond orders and the
atomic charges are evaluated.

From these values we must calculate the new a
and the new 3

The general method is as follow: Evaluation of
the new a: In the first approximation the a in-
tegrals have been taken proportional to the elec-
tronegativities of the neutral atoms.

Since we know the approximative atomic charge,
and since there is a relation between the charge and
the electronegativity of an atom we are able to
evaluate a more accurate electronegativity and
consequently a more accurate a. 1

The formulas used in such determinations are

)

where E is the electronegativity of a neutral atom
and EOthe electronegativity for this atom with an
effective charge Q. 5is a parameter which depends
on the atomu but is usually 0.3.

Eq— E -JSQ

<0 — EO/M )

where M is a parameter usually near |1 10 Evalua-
tion of the new /3: The bond orders obtained at the
end of the first approximation are used to estimate
a first value of the bond lengths as there is usually
a known relation between the bond orders and the
interatomic distances.it In many cases (as in
N20s) it is necessary to correct the obtained lengths,
taking into account the coulombic interaction due
to the effective charges.

(7) Chalvet, Compt. rend., 232, 165 (1951).

(8) Wheland and Mann, J. Chem. P hys 17, 264 (1949).

(9) As proposed by Mulliken, J. chvm. phys., 46, 497, 675 (1949).

(10) See about this question P. and R. Daudel, J. Phys.. 7, 12
(1946); Laforgue, J. chim. phys., 46, ,368 (1949).

(11) See Gordy, J. Chem. Phys., ) 305 (1947);
15, 668 (1947),

Bernstein, ibid.,
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This may be done using the formula

dQ.Ql= d + (Q.Q'/kdr) (3)
where dQ@> is the corrected distance, d the distance
corresponding directly to the bond order obtained,
Q and Q' the effective charges of the two atoms con-
stituting the bond and k the force constant which
is usually given as a function of the bond order.12
Since 8 is expressible as a function of the lengthi3
we are able to evaluate the new {3 From the new
a, and the new (3 a new L.C.A.O. secular equation
is solved and the total process repeated until the
desired accuracy is obtained. Usually the first
interation is sufficiently good to lead to convenient
lengths.

Such a process has been applied to the study of
molecules like N20 414 and N3~ or N3CH3.15

The results are now summarized and compared
mwith the experimental determinations.

Interatomic Distances in N2 44—Figure 2
gives the assumed distribution of the electrons in
this molecule and Fig. 3 shows the bond orders and
the charges obtained. Gordy’s relationsis have been
used to determine the force constants and the
interatomic distances from the bond orders.

o7 ~O-0.s
Fig. 3

Thus we obtain for the N-0 bond the distance:
1205 + 0.0200 A. and the experimental valuew
is 1.17 = 0.03 A.

(12) Gordy, J. Chem. Phys., 14, 305 (1946).

(13) See ref. 9.

(14) Chalvet and Daudel, Compi, rend., 231, 855 (1950).
(15) Bonnemay and Daudel, ibid., 230, 2300 (1950).
(16) See ref. 11 and 12.

(17) Broadley and Robertson, Nature, 164, 915 (1949).
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For the N-N bond we find 1.58 = 0.04 A. and
thus explain the particularly large experimentally
determined length (1.64 = 0.03 A.)

Interatomic Distances in N3 and N3H3B5L—
Figures 4 and 5 show the results which are in good
agreement with the experiments.

—0.83 +C.66 -0.83
N N N
2,374 2,374
Charges and Bond Orders. The corresponding length is
1.13 A.
Fig. 4.

Electronic distribution assumed in N3CH3

-0.37 +0.52 -0.15
N N N
/ 1,701 2,701
HaC
Charges and bond orders. The corresponding lengths are
respectively: A, 25 and A, 12 A.

Fig. 5.

Finally as some recent works have shown it
would be possible to improve such calculations
introducing the 3integrals for non-adjacent bondsis
and the configuration interaction. 19

(18) See for example Fernandez, Compt. rend., 233, 56 (1951).

(19) See for example Craig, Proc. Roy. Soc. (London), A200, 272,
401, 474, 498 (1950); Coulson and Fischer, Phil. May., |1, 386 (1949);
Sandorfy, Compt. rend., 232, 2449 (1951).
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The energetics of various types of dissociation processes of a molecule are considered. Terms such as heat of atomization,

bond dissociation energy, average bond energy, etc., are defined.
bond dissociation energy are compared with differences in heats of substitution.
processes in which the same fragments are produced from different molecules.

The factors affecting these are examined. Differences in
Special attention is given to dissociation
Tentative values of resonance energy of

radicals are derived from variations in bond dissociation energies.

The formation of a molecule from separated
gaseous atoms is an exothermic process, the libera-
tion of energy being attributed to the formation of
chemical bonds. Interpreting this process in
gquantum-mechanical language, we would say that
the electrons which moved initially in atomic
orbitals have been directed to molecular orbitals,
and consequently the system has passed, to a lower
energy level—if a stable molecule has been formed.
The reverse process, the dissociation of a molecule
into the atoms composing it, would of course require
an expenditure of energy, the latter being referred
to as the heat of atomization of a molecule into its
constituent atoms. The numerical value of the
heat of atomization is given by the difference
between the heat content of the relevant free
gaseous atoms and the heat content of the gaseous
molecule; hence it is obvious that this value must
not depend on the way by which the respective
molecule has been formed from the atoms. On the
other hand, too numerical value of the heat of
atomization does depend on the electronic states
of the relevant atoms, and therefore the complete
definition of the heat of atomization must involve a
statement describing exactly the electronic states
of the atoms.

It appears that no fundamental advantage is
gained by choosing this or another electronic state
as the reference state of a particular gaseous atom.
The choice of the reference electronic states seems
to be rather a matter of convenience. Usually, the
lowest and therefore the most stable state of atoms
is regarded as their reference state. In such a case
we deal with the heat of atomization referring to the
atoms in theirground state. One might prefer, how-
ever, the choice of another electronic state as the ref-
erence state, e.g., some authorst suggested the use of
the quintet 6 state of carbon atom instead of the
lowest triplet 3 state, as its electronic reference
state. Such a choice would mean that the “new”
heat of atomization would be higher than those
based on the ground reference state by n(E6G —
E3p), n denoting the number of carbon atoms
present in the respective molecule, while Eifi — 2?3
denotes the separation energy of the & and P
states of a carbon atom.

The heat of atomization is an experimentally
determinable entity. Its evaluation demands the
determination of the heat of formation of the
respective compound (in its gaseous state), and of
the heats of formation of the relevant gaseous atoms.
In addition, determinations of the electronic excita-
tion energies are required if the electronically ex-

(1) L. H. Long ami G. W. R. Norisb, P toc. Roy, Soc. {London), A187,
337 (1940)

cited states are chosen as reference states. It is
unfortunate, however, that at present some of the
required data are lacking. Thus, we still do not
know with certainty what are the correct values for
the heats of atomization of graphite and of nitro-
gen. The difficulties arise in the estimation of the
heat of sublimation of carbon and in the determina-
tion of dissociation energies of such molecules as
CO, NO, N2 and a few others.

Some workers suggested the use of the hypo-
thetical valency state of an atom as its electronical
reference state.2 Such a suggestion has, however,
one considerable disadvantage. The valency state
of an atom is a hypothetical state, and therefore it
is in principle unobservable. Hence, the heat of
atomization referring to atoms in their valency
states ceases to be an experimentally determinable
entity.

The formation of a molecule from gaseous atoms
involves the interactions between the various
components from which the molecule is built up.
Each of these interactions is responsible for the
liberation of some amount of energy, and the heat
of atomization measures the combined effect of all
these interactions. We might inquire, of course,
how much is contributed to the heat of atomization
by every individual interaction. We have to
realize, however, that any method of partitioning
of the heat of atomization depends on the way in
which the building-up process takes place. For
example, say that we build up a molecule of meth-
ane by gradually adding hydrogen atoms, each of
them being in its ground state, to a carbon atom
which is also in its ground, i.e., 3P, electronic state.
Moreover, let us carry out the addition process in
such a way that in every step we produce a “stable”
fragment, i.e., a fragment which lies on the o level
in the respective hollow of the potential energy
surface. Such a process can be represented by
four equations

C+ H— >CH
CH + H — >mCH2
CH2+ H — =-CH3
CH3+ H — CH,

and the amount of energy liberated in each step
would be equal to the respective bond dissociation
energy, namely, D(C-H), D(CH-H), D(CH2-H)
and £)(CHs3-H). Let us remark at this junction,
that the four steps described above can be observed
in principle, and the amounts of energy liberated
in each of these steps can be measured in principle.
Of course, their sum is equal to the heat of atomiza-

(2) L. Pauling, Z. Naturforach., 3a, 43S (1948);
Sci., 35, 229 (1949).

Proc. Nat. Acad.



March, 1952

tion of methane in respect of atoms in their ground
states

D(C-H) + D(CH-H) + DCCHr-H) + £(CH,-H) =
Q.(CH)

The four processes discussed above are certainly
quite complex. They involve a considerable re-
arrangement of the fragments, e.g., the structure
of the CH3 radical is probably different from the
structure of the CHs3 group in the molecule of
methane; and therefore the theoretical calculation
of the amount of energy liberated would be difficult,
although possible in principle,;3 That seems to be
an important point which needs stressing. Dis-
sociation energies are essentially measurable en-
tities, they can also be calculated by applying the
first principles, and thus the theory can be verified
by experiment. Let us add one more point.
Dissociation energies are the entities which are of
paramount importance to a chemist. Chemical
reactions involve the breaking and forming of
bonds, and therefore the knowledge of the amount
of energy required for a rupture of a bond (Le.,
bond dissociation energy) is indeed essential.

The process of formation of methane, considered
above, is not the only one which leads to the
formation of a molecule from the atoms. We
might visualize other processes, and some of them
deserve a detailed discussion. Say that we start
with a carbon atom in its valency state (sp3, and
add to it a hydrogen atom in its ground state. Let
us carry out the addition in such a way that the
C-H line coincides with the axis of symmetry of one
of the sps3 orbitals, the hydrogen atoms moving from
infinity to the distance equal to the C-H bond
length in the molecule of methane (see Fig. 1).

\

\

iCVv

Fig. 1.— First CH bond in methane.

The amount of energy liberated in this process
might be calculated; the result would be different
from D(C-H) — excitation energy (P —>sp3 since
the C-H distance in the final state of the present
process is different from the C-H distance in the
C-H radical. Moreover, the energy calculated here
need not be equal to one quarter of the heat of
atomization of methane in respect of a carbon atom

(©) These calculations involve the theoretical determination of the

heats of atomization of two fragments, e.g., the determination of the
heats of atomization of OU4 and Cth for evaluating LKOH3-11). The
writer is aware of the fact that these calculations are untrartable from
practical reasons. This does not change the fact that the theory pro-
vides us with a method for performing these computations.
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in its valency state (this point is to be explained
later).

Now, let us add the second hydrogen atom in a
manner described in Fig. 2. The CH:2 fragment
thus obtained would have the shape of the CH:2
group in the molecule of methane. The amount
of energy liberated in the second process would be
different from that produced in the first step, since
the potential energy of the system CH...H is
different from that of C..,H. Hence, if one
continues the building up of a molecule of methane
in the manner described here, one would be able
to represent its heat of atomization as a sum of
four different terms, each representing the amount
of energy liberated by adding one more hydrogen
in the process discussed. The four values derived
from these calculations would be of little impor-
tance. They do not represent any observable
entity, they cannot be used as measures for “basic”
C-H bond energy since they are not mutually
equal, they do not, either, represent the “average
bond energy.”

Fig. 2.— Second C-I1 bond in methane.

To derive the “average bond energy” we have to
choose a process which would lead to four identical
numbers. Such a process has been suggested by
M. G. Evans and the present writer4;, it is the
reverse of an adiabatic dissociation process in which
the whole molecule swells in an unlimited way
without losing its geometrical form. In this
process the work required to break any particular
bond would be equal to the “average bond energy,”
and mathematically it is defined by

X dri

the integration being carried out along the dis-
sociation path as defined above, E denoting the
energy of the system corresponding to any con-
figuration of the atoms composing it, n denoting
the distance between atoms bounded by the f-th
bond, the equilibrium distance being nQ

The concept of “average bond energy” as defined
in ref. 4 might be useful in characterizing the static

(4) M. Szwarc and M. G. Evans, J. Chem. Phys., 18, 618 (1950).
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B- + H.A-

D(HA-B).

AHT(H.A-)
+ AHf(B-)

H,A.B.

AHf(H.A.B.)
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| aHi(H.A-) - AFj(X.A-)
X.A-+ B
D (XA-B)
AHf(X.A-) + AH,(B-)
AHf(H.AB.) - AH,X.A.B)
X.A.B
IAHf(X.A .B.)

Fig. 3.— Energy relations of the molécules HAB and XAB.

properties of a molecule. For example, it is con-
ceivable that some relation should exist between the
“average bond energy” and the length of a bond.
On the other hand, it has to be recognized that this
“average bond energy” does not characterize the
two bonded atoms only, but it is affected by the
structure of the whole molecule. Hence, the
“average C-H bond energy” in methane need not
be equal to the “average C-H bond energy” in
ethane, and so on.

It might be the feeling of some chemist that the
concept of some basic “theoretical” bond energy
should be introduced. Such a “theoretical” bond
energy should be a constant characteristic for the
two bonded atoms, and independent of molecular
environment. The heat of atomization of any
molecule would then be given by the sum of all the
relevant “theoretical” bond energies plus all the
required correction terms accounting for the inter-
action between the non-bonded atoms, for some de-
formations which might exist in the molecule, and
generally for all the perturbations of the molecular
system. Introduction of such a concept could be
easy, if the heat of atomization would be an addi-
tive property of a molecule. The additive property
of the heat of atomization was postulated in the
1920’s, and on this basis the system of “bond
energies” has been derived. However, we do know
that the additivity rule is valid only in the first
approximation, the condition being that the molec-
ular force field should be a “simple valency force
field” (see ref. 4).

Nevertheless, the concept of “bond energy,”
introduced into chemical literature by Fajans, and
developed in a masterly way by Pauling, led to the
clarification of many problems. Its utilization for
various aspects of molecular structure, chiefly by
Pauling and his school, has had a most inspiring
influence on a whole generation of chemists. It is
questionable, however, if this concept may be de-
veloped further in a fruitful way. Indeed, it
appears that much work following on the pioneering
papers by Pauling has confused the whole issue.

There is an inclination to introduce the system of
basic “theoretical” bond energies as a set of con-
stants which might be utilized for quantum-
mechanical calculations. These calculations
would then take care of “corrections” resulting
from the existence of other interactions, and ulti-
mately they would provide us with the theoretically

calculated heats of atomization of various molecules.
The “theoretical” bond energy would measure
therefore, the energy contribution arising from some
interactions which have been arbitrarily con-
sidered as the “basic” ones; and hence the concept
would be to a greater extent characteristic of a
particular method of mathematical approximation
applied in a theoretical approach to the problem,
than a characteristic feature of the nature of a
molecule.

It is my feeling that the theoretical treatment of
“bond energies” leads to the invention of too many
concepts which correspond to non-observable en-
tities. It appears that interest should be shifted
to experimentally measurable quantities, such as
bond dissociation energies, ionization potentials,
electron affinities and so forth. It is very impor-
tant to account theoretically for the observed varia-
tions of these entities—variations which result
from the changes of molecular environment.s Some
experimental data are now available, and indeed
they indicate the very profound effect of molecular
environment on bond dissociation energies (see
e.g., Table 1) and on ionization potentials of radi-
cals.

Tabire |
C-C bond dissociation
Compound energy (kcal./mole)
NC-CN 1109
Ph-Ph 1037
CH3CH3 83
cbhb6bch2co-ch3 63
ch3co-coc-h3 60
cth5ch2ch2cth 6 47
CH2.CH-CH2CH2-CH:CH2 42
Ph3C-C -Ph3 1

On the whole, changes in molecular environment
affect both the initial and the final state of a system.
For example, let us consider the dissociation of the
molecule HA-B and of its derivative, say XA-B.
The respective bond dissociation energies are equal
to

PD(HA-B) = Afff(HA-) + Afff(B-) - AFi(HA.B)
and
D(XA-B) = AFf(XA-) + AIiTf(B-) - AfffXA.B)
Hence, the difference 7XHA-B) — 1)(XA-B)

(5) (a) M. Szwarc, J. Chem. Phys., 18, 1660 (1950);
and J. W. Taylor, Trans. Faraday Soc., 47, 1293 (1951).

(b) M. Szwarc
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which reveals the effect of the substituent X on
A-B bond dissociation energy results from two
factors, one affecting the undissociated molecule
which is equal to AHf(XA.B) — A//f(HA.B),
and the second influencing the radical formed which
is equal to AHf(HA-) — AHf(XA-). This interrela-
tion is clearly shown in Fig. 3 (see in this connection
ref. 5).

The effect of aromatic substitution on the C-Br
bond dissociation energy of substituted benzyl
bromides has been investigated in some detail.s
It seems that the substitution of a hydrogen atom
in the benzene ring by chlorine or bromine atoms
has no effect on the C-Br bond dissociation energy
Phs-CH2-Br.7  This result recalls a similar ob-
servation of the effect of fluorination on the Phs-
CH2H bond dissociation energy showing that
Z>(CsHe CH2-H) is equal to D(CeHsFCH2-H),
fluorine being in the p-, or m- or o-position.s On
the whole, the substitution in nucleus seems to
affect only slightly the Phs-CH2Br bond dissocia-
tion energy (see Table I1).

Table Il

Substituted Substituted

benzyl AD, benzyl AD,

bromides kcal./mole bromides kcal./mole

o-Chloro 0.9 m-Methyl 0.0
m-Chloro .1 p-Methyl 1.4
p-Chloro 4 m-Nitro 2.1
m-Bromo .3 p-Nitro 1.1
p-Bromo .3 »i-Nitrile 1.4
o-Methyl 2.0 p-Nitrile 0.7

It is interesting to compare the effect of methyl
groups on the C-Br bond dissociation energy in
PhsCH2Br and on the PhsCH2H bond dissocia-
tion energy in methylated toluenes.s In both cases
the substitution in meta position seems to have no
effect whatever on the respective bond dissociation
energy. On the other hand, the substitution in p-
or o-position seems to decrease the respective bond
dissociation energy, probably by increasing the
stabilities of the relevant radicals (see Table II1).
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Z)(CHs3-Br) and D(CCI3-Br) or Z>(CBr3-Br) ap-
pears to be of the order of 18 kcal./mole; on the
other hand D(CH3-Br) — D(CF3-Br) seems to be
3 kcal./mole only. This result is very striking and
it might indicate that the steric interaction between
Br atom and X (X = H, F, Cl or Br) plays an im-
portant role in decreasing the C-Br dissociation
energy in the series of halogenated methyl bro-
mides. This is tentatively illustrated by Fig. 4.

Fig. 4.— Interaction of the bromine atom and atom X (X
= F, CI, Br).

It is instructive to discuss briefly the series:
methane, ethane, propane and isobutane. The
C-H dissociation energies in this series of com-
pounds and the ionization potentials of the re-
spective radicals have been reviewed recently by
Stevenson, 11 the relevant data being given in Table
V. One can see clearly, that the decrease in the
ionization energy is much greater than the decrease
in the C-H bond dissociation energy. This result
has been pointed out by A. G. Evans,12 who dis-
cussed the relative effect of methyl groups on the

Table Il

D(C-H) ,
Compound kcal./mole kcal./mole
c«h 6ch 2h 77.5
in-CH3C6H4CH 2-H 77.5
p-CH2C6H4CH 2H 75 2.5
o-CH3C H4ACH2H 74

The halogénation of methyl bromide seems to
affect greatly the relevant C-Br bond dissociation
energyw (see Table 1V). The difference between

Table IV
D(C-Br), D(C-Br), D(C-Br),
Com- kcal./ Com- kcal./ Com- kcal./
pound mole pound mole pound mole
CH®r (67.5) CHaBr (67.5) CH3Br (67.5)
CHzCIBr 61.0 CH2Br£ 62.5
CHChBr 53.5 CHBrj 55.5
CFaBr 64.5 CCljBr 49.0 CBu 49.0

(6) C. H. Leigh, A. H. Sehon and M. Szwarc, Proc. Roy. Soc. (Lon-
don), A209, 97 (1951); /. Chem. Phys., 19, 657 (1951).

(7) Phg denotes the substituted benzene ring.

(8) M. Szwarc and J. S. Roberts, ibid., 16, 609 (1948).

(9) M. Szwarc, ibid., 16, 128 (1948).

(10) A. H. Sehon and M. Szwarc, Proc. Roy. Soc. (London), A209,
110 (1951); J. Chan. Phys., 19, 656 (1951).

D(C-Br) AD
Compound kcal./mole kcal./mole
C6H5CH2BTr 50.5
m-CH3C6H4CH2Br 50.5 0
p-CHsC6H4ACH2-Br c-49.0 1.4
0-CH3C6HACH2Br -48.5 2.1

stabilization of radicals and the respective car-
bonium ions.

Table V

Z>(C-H), AD, IHR?, AD,

kcal./ kcal./ kcal./ kcal./

Compound mole mole Radical mole mole

CHi-H 101 CH, 232

CIL-CHff-H 97 4 cm-cm 200 32
(CHa)rCH-H 94 7 (CH,)rCH 172 60
(CH,),-C-H & 13 (CH/h-C 159 73

It is significant to compare the ionization po-
tential of methyl radicals with the ionization po-
tential of the alkyl radical. The latter has been
computed recently at 9.05 e.v.13 It appears that

(11) D. P. Stevenson, Faraday Soc. Disc., 10, 35 (1951).

(12) M. G. Evans, Nature, 157, 438 (1946).
(13) M. G. Evans and M. Szwarc, J. Chem. Phys., 19, 1322 (1951).
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the allyl type resonance does not affect the The examples discussed in this paper show the
relative stabilities of the allyl radical and allyl complexity of processes of bond formation. Their

carbonium ion. This point has been discussed better understanding is of great importance to
elsewhere. 13-14 Chemistry and deserves further studies, both ex-

(14) M. G. Evans, Faraday Soc. Disc., 10, 1 (1951). perimental and theoretical.
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Equations have been derived based upon various kinetic, liquid and solid diffusion rate mechanisms for the saturation of

an initially empty radial adsorption disc.

Three experimental systems were employed in an endeavor to test the validity and
usefulness of the equations under a variety of operating conditions.

The results indicate that for certain of the solute con-

centrations studied a single rate mechanism can be chosen with a fair degree of certainty.

The kinetics of adsorption columns have received
a considerable amount of attention by various
authors in the past few years. However, a careful
perusal of the literature reveals the fact that a vast
majority of the publications have been primarily
of a theoretical nature. Hiester and Yermeulen:
have summarized very adequately the various
theoretical postulates presented lip to 1948 and
the Faraday Societys has since published a sym-
posium on chromatography which contains a
number of pertinent papers. Application of the
various kinetic and diffusion equations to actual
experimental data in an endeavor to confirm or
disprove the theoretical postulates has received
little attention. Of the attacks made on this
problem, 3« 11 the theoretical equations have not been
subjected to sufficient variation in the operating
variables to allow the authors to make any definite
statements as to the applicability of the equations.

The present authors, therefore, undertook the
collection of data under a variety of operating
conditions obtained on a radial adsorption disc.
The choice of a radial disc rather than the usual
vertical column was based on the number of com-
mercial advantages that the former method pre-
sents.12 These data were then applied to theoret-
ical equations based on Kkinetic and diffusional
mechanisms and the results analyzed for the
applicability of the equations. It was hoped that
by pursuing this course a more adequate basis
would be established toward understanding the
phenomenon of rate-dependent adsorption analysis.

Theoretical

In a previous publicationis the authors have
presented under very general conditions the solu-
tion of the mathematical problem which results
when one considers the flow of solution containing
a single solute through a radial adsorption disc.

(1) Forrestal Research Center, Chemical Kinetics Division, Prince-
ton University, Princeton, N. J.

(2) N. K. Hiester and T. Yermeulen, J. Chem. Phys., 16, 1087
(1948)

(3) “Chromatographic Analysis,”
(1949)

(4) R. H. Beaton and C. C. Furnas, Ind Eng. Chem., 33, 150 (1941).

(5) G. A. Bohart and E. O. Adams, J. Am. Chem. Soc., 42, 523
(1920).

(6) C. N. Hinshelwood, etal., J. Chem. Soc., 918 (1946); 401 (1947).

(7) E. R. Tompkins, J. X. Khym and W. E. Cohn, J. Am, Chem.
Soc., 69, 2769 (1947).

(8) J. J. Kipling, J. Chem. Soc., 1487 (1948).

(9) W. A. Selke, Ph.D. Thesis, Yale Univ., 1949.

(10) L. G. Sillen and E. Ekedahl, Arkiv. Kemi Mineral Geol., A22,
No. 16 (1946).

(11) F. C. Williams, N. K. Hiester and T. Vermeulen, in press.

(12) H. Weil, Can. Chem. and Proc. Ind., 956 (1949).

(13) L. Lapidus and N. R. Amundson, This Journal, 54, 821
(1950)

Discussion Faraday Soc., No. 7

For the sake of continuity this paper will be sum-
marized first, and the equations changed into forms
more desirable for actual usage.

Let:
r = distance from origin to any point in the disc, cm
h — mass of adsorbent per unit area of disc, g./cm .1
R = radius of circular hole into which solution is intro-
duced, cm.
c = amount of solute in solution per unit volume of

solution, mmol./ml.
amount of solute adsorbed per unit mass of adsorb-
ent, mmol./g.

n =

\Y = volume rate of flow of solution, ml./min.

m = porosity of adsorbent bed, ml./g.

@ = initial solute concentration.

M0 = total solute capacity of adsorbent,

c* = concentration of solute in equilibrium with ad-

sorbed solute.
Di — diffusion constant for solute in solution.

D, = diffusion constant for solute in solid.
b —distribution coefficient,

fe = mass-transfer coefficient.

hi, fe = kinetic velocity constants.

as = particle radius, cm.

Aa = film thickness.
mass of adsorbent/unit volume, g./ml.

j k = constants.

7 = shape factor.

The system of equations which has been shown
to define the physical problem is

vr- -f 2irrh~_ -f 2irrbmvr = 0 (1)
or oi ot

= k\c(na — n) — fen 2)

c(r,i) = c0<), whenr = R (3)

n(r,t) = nQr), when vt ~ thm(r2 — R2 (4)

Equation 1 is the conservation equation for the
process and equation 2 is the mathematical relation
which is chosen to represent the local rate of solute
removal or deposition. For the present, we shall
assume that this rate process may be described by a
kinetic second order-first order rate equation.
Equations 3 and 4 describe the condition of the
entering solution and the initial distribution of
solute in the bed.
To facilitate the solution the following changes of
variables can be made
V=r-R (5)
z — vt — irhm{r2 — R2) (6)

where z represents the volume of solution which
has passed the distance y in the disc.

But equation 1, in terms of the variables y and z
implies a function F, such that

dF = cdz — 2rrh(y + R)ndy 7)
and
OF 1 5F (8)
C~ dz n 2nh(y+R)i>y
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Equation 8 in conjunction with the rate equation
leads to a non-linear hyperbolic differential equa-
tion

d*F OF , ,OFOF , noF _ .
?)Zby+ A(y - R) bz 1B %?\{J_y D-tZ)V_O 9)
where
J.‘!f‘_‘?gmy\g_ﬁ_ I = fe
\% \%
By letting
BF = In{e-[J+4(V+»9] U(y,2)} (10)
equation 9 is transformed into
b2u
dzay - AD(y + R)U (ID

and the boundary conditions become

Leon Lapidus and Neal E. Amundson

Yol. 56

U(y,z) + R)exp +
+ yR -z, - sR]lgdS

+ J" (Bea + D)exp[(Eco +

D)slh (2"Ad (™ + 2/A)(z - s))

+ Ic (2"ADz™ + yR)) (20)
Now make use of the definite integral (18)
) eu C%-rh@rsvp)dp
y, tIT (21)
menemint
This transforms equation 20 into
U(y,z) = 4 [a (f + yft), £5<]+ &[fz,G (j %]
+ 10,(2"ADe(£ + ?/«)) (22)
where
., Leo L _2dh kikirio
\Y ' \Y kio + ni

one may now return to the variable F by means of
equation 10, and then further to equation 8.
Using the fact thatc = cOaty = 0, there results

45\ Fzo{* + 2/fl)] + 10(2~"ADz(® + yRA"

U(z,0) = exp |j*[Sci(.s) + Dlds] = f2%z) (12)
U(,y) = exp [A — ni(s)%rhB] [s + ffilds] (13)
= fi(y)
s is the variable of integration and
oL =*(I)
ntly) = ndy + R)
Equation 8 is also transformed to
1M dU ni A 1 bu
b \_U oz DJ’'n 2irhB 2rh(y +R)BU by
(14)
c/Co =

<t\Fz, G(|2+ ?/A)] + O[ff (f + YR), D2l

Using the LaPlace Transform method, the
authors13 have solved the system of equations 11,
12 and 13. The solution is

2U[HIA,
+J\l(iy£aw +vrkz . s)) O

-j-lo (2~"ADz
( (5 4o

U(y.z) = vJ /iW o

“)) (15)

From equation 14 the concentrations ¢ and n as
functions of the radial distance and the volume
of solution through the bed may be obtained.
However, the application of the resulting formulas
to experimental data is a formidable problem from
a computational point of view. If, instead, one
considers the saturation of an initially empty bed
by a solution entering at constant composition,

considerable simplification occurs. Equations 3,
4, 12, 13 and 15 become
c=00m , r =R (16)
n — 0 vt < Thrnrr2 — R2) (17)
ldz) = exp j (Bco + D)ds] (18)
fitcv) - expj r~ACs + F)ds| (19)

(23)

+ 70 (2" /a Dz + »«))

This is the final equation which describes the
concentration c as a function of y and z.

As indicated previously the rate equation 2 upon
which equation 23 is based is derived from purely
kinetic effects and implicitly assumes that the rate
of liquid diffusion of the solute to the surface of the
particle and of solid diffusion into the interior of the
particle are very rapid in comparison to the kinetic
velocity. From a theoretical point of view there is
no reason why one should say that the Kinetic
velocity is the rate-determining step of the three
or even why the kinetic mechanism chosen is a
correct one to describe an adsorption process.
A survey of the literature indicates that the rate
mechanism, which is identical for the vertical
column or the radial disc, has been written in var-
ious other Kinetic and diffusional forms Let us
now consider each of these and note what effect
they will have upon the final equation 23.

A, Kinetic Mechanism: (1) Second order-
second order. Designated as K22.4

& _ kigh0—n) — K2{co — ) (24)

2 Second order-first order.

K21.16

(14) H. C. Thomas, J. Am. Chem. Soc., 66, 1664 (1944).
0 6) Hi Os Thomas* Ann. New York Acad. iSci., 49, 161 0 948),

Designated as
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(:jr; = figwo —n) —k2n (25)
(3) Second order-first order. Designated as
K20.5
~ = hc(n0- n) (26)
(4) First order-first order. Designated as
KIl.5

:f = kiorio — KGN —Wc —ki'n 27)
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F=e [D2X HR)U'(y,z)forB =0
BF = In{e-[i>*+A(-y+*fi)] U(y,2) }forB ~ 0

Thus the method of solution of the problem is
analogous no matter which rate equation is em-
ployed. As a consequence the final equation will
be of the same form in each case differing only in
the value of the constants A, B and D. Table 11
lists the final c/c0 equations for each of the rate
mechanisms obtained in the same way as equation

B, Liquid Diffusion Mechanism: (1) First order23.

first order. Designated as L11.16

“ - Uc - ¢% (28)

where ke is the mass transfer coefficient and c*
is the concentration of solute in equilibrium with
the adsorbed solute. Equation 28 can be written
in another form which allows greater usage.16

dn 3
at aoAabp'%be -

It has been assumed that the isotherm which
describes the adsorption is a linear one

e = be*

(29)

(30)
Further, if we call Aa = Aaawe, where Aaae =
average film thickness in the disc, we may write
(31)
j and k being constants such that —0.5<fc< —0.7.
Thus equation 29 may be written as
an 3Di
at aghAvk

Aa = jvk

(be —n) (32)

C. Solid Diffusion Mechanism.— (1) First order-

first order. Designated as D I1.17
dn b 33
at  (yagapb P& M (33)

where a linear isotherm has again been assumed.

It can be shown that if any of the above rate
equations are used instead of the K21, equation 9
would have still resulted differing only in the value
of the constants A, B and D. Table I gives a com-
plete tabulation of these constants.

From Table | it can be seen that in some cases

B = 0 while in others fi ~ 0. This would seem
Table |
Tabulation of the Constants A, B and D for Equation 9
Rate mechanism A B D
K22 2irhkino/v ki — ki/v kiCo/v
K21 2-irhkino/v h/v ki/v
K20 2nhkino/v h/v 0
Kl 2irhkinas/v 0 ki, /v
QwhDi 3A
L1l e 0 _
a(pjvi+tk aopbjvi+k
D
DIl .
(yao)s (yao)2ab

to cause a divergence in the method of solution,
but by a proper substitution, equation 9 may be
reduced to a single form, namely, equation 11.
To accomplish this, let

(16) G. E. Boyd, A. W. Adarmsonand L. S. Myers, Jr., J. Am. Chem.

Soc., 69, 2836 (1947).
(17) E. Glueckauf and J. I. Coates, J. Chem. Soc., 1315 (1947).

Application of Equations to Numerical
Computations

As so frequently arises in a theoretical develop-
ment, the application cf the derived equations to

numerical computation is a problem in itself.

Considering the K |1 case

c/fo = jlo(2~ Al)z(®2 + yR)) +
*\DZ A+ yfi)] (

it is seen that to obtain a numerical value of c/cQ,
the functionslQ2y/uv), e-(u+l,) and <iX(uV) must be
evaluated. While tables of the first two functions
are readily available the same cannot be said for
@>(uv). Thus, the problem reduces itself to tabu-
lating values of 4>{uv) over the complete u and v
range to be used or to find some other function
which will, in effect, accomplish the same result.
Two other functions have been considered by the
authors.

(1) BrinkleyB has defined and tabulated the
function

oMU, W) = e 5 i<l>(u v) (34)
(2) Hiester® has defined and tabulated the

function
Ju,v) —1 —e_(mi(v, u) (35)

The main advantage zo the usage of the J(u\v)
function is that for the KII, LIl or DIl cases the
value of c/cOreduces to a very simple form, c/c0 =
J{u,v).

After a large number of preliminary calculations,
it was decided to make use of the tabulated J(u,v)
function of Hiester in the present work. Thus, the
equations given in Table Il have been transformed
to give Table Ill. Figure 1 is a plot of c/cBvs.
J(u,v) as taken from Hiester.

Prediction of the Rate-determining Step

It is the interpretation of the constants A, B
and D which enables a single rate mechanism to be
differentiated from the other mechanisms. By
consulting Table I, in conjunction with a series
of experimental runs, a considerable amount of
qgualitative information may be obtained.

Consider the situation which occurs when the
operating variable which is of interest during a
series of experimental runs is the adsorbent particle
diameter. The constants of the Kinetic equa-

(18) S. R. Brinkley, Jr., and R. F. Brinkley, personal communica-

tion.
(19) N. K. Hiester, Ph.D. Thesis, University of California, 1949.
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Tabie Il

Final Equations for Each of the Rate Mechanisms in Terms of <t>(u,\v)

7\1\jz, G I;Lzz + JZT"‘AO |ADz (

Rate mechanism

K22 O + 1
[fz, G f+<4] H i/yZZ yiy bz Lt A sapn
2imma
where F = — and G = v
2irh  kiktfio
= and G — B .
K21 Same as K22, where F v v K+ Ki
K20 -—,where F — kirp
eFz + baQt +»a) - 1]
KII, LI, DI 1j¥(z~JaDz (f + 7)) + 0 [/V, 1 + 7/4)]

Ta

Final Equations for Each of the
Rate mechanism

K22

exp ((D F)z + (A —<?)(]2+ yR

K21

K20
KII, LI, D1

tions are independent of the particle size while in
contrast, the diffusion constants take into account
the effect and magnitude of changing the particle
size. Further, particle size has a linear effect in
liquid diffusion and a square effect in solid diffusion.
Thus, the particle size can be used to differentiate
between all three types of mechanisms.

bre I

Rate Mechanisms in Terms of J(u,v)

c/co
Fz,G(§ + #)]

0 1- J(Dz,A + 7«)) + /[Fz,G (f+ T/«)]

Same as K22
eF'

er‘+eA(.l'P\B- 1

J [flz, A (I + 4

Another operating variable of importance is the
flow rate. From Table I it can be seen that the
constants of the K and D equations are affected by
the flow rate to the first power while the L equa-
tions vary between the 0.3 to 0.5 power. The flow
rate can thus serve to differentiate between liquid
diffusion or solid diffusion and chemical kinetics.



March, 1952

The initial concentration, co, may be used for
choosing between a chemical reaction and a dif-
fusion mechanism as indicated by Table 1.

One final criterion remains which may be used to
differentiate between liquid or solid diffusion.
This may be accomplished by means of the in-
terrupted run. This procedure involves allowing
an experimental run to proceed until the concen-
tration history corresponds to the steepest portion
of the ¢/co vs. z curve. The flow of liquid is then
stopped and the bed allowed to stand for a long
period of time. The liquid flow is resumed and the
remainder of the c/cO curve obtained. If solid
diffusion controls the process, the diffusion will
continue during the time interruption and a dis-
continuity will be observed in the c/cOvs. z plot.
If liquid diffusion is controlling no discontinuity
will be apparent.

Evaluation of the Equation Parameters

The procedure decided upon to calculate the
constants A, B and D and to choose a rate mech-
anism, is as follows:

(1) Given an experimental set of c/cO vs. z
curves they are surveyed and the effect of the
particle size variation noted. If a large change in
the shape of the curves is observed, the kinetic
mechanisms are immediately discarded. If no
effect is seen, the diffusional mechanisms are dis-
carded. This first step is an essential one if the
calculation time is to be held down to a reasonable
value.

(2) The value of y will in all cases be known, it
being merely a constant determined by the weight
of adsorbent used. The weight of adsorbent added
to the disc is

irh(r2- R2) = 2wh + YR%j

(3) Having decided on either a kinetic or dif-
fusion mechanism, a trial and error method is used
on each experimental curve to obtain values of A,
B and D. This consists in choosing five c/cOvs. z

points on a curve, assuming values of A (actually
A M+ yRY until the quantities B and D obtained
are the same for each point.

(4) The constants A + yli'j, B and D are

then surveyed for variation in their absolute values
and a rate mechanism decided upon.

(5) Various external means may be employed
in an attempt to check the indicated mechanism.
For the case where a kinetic mechanism is decided
upon, the external method consists of determining
a complete adsorption isotherm from which the
constants h and hi may be evaluated. These
values are then compared with those obtained from
the constants A, B and D. If a liquid diffusion
mechanism is decided upon, g values can be cal-
culated and the numerical consistency of these
guantities checked with the constants A and D.
If solid diffusion is indicated, the behavior of the
interrupted runs can be used as a check.

Apparatus and Experimental Procedure

After considerable preliminary work three experimental
systems were chosen: (1) KOI solution adsorbed on |1+
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form Dowex 50. (2) CuSO04 solution adsorbed on Al120 3.
(3) HAc solution adsorbed on A1D 3.

The two adsorbents, Al12 3, granular adsorbent consist-
ing essentially of aluminum trihydrate, and Dowex 50, a
spherical ion-exchange resin possessing aromatic sulfonic
acid exchange groups, were chosen after consideration of a
variety of different adsorbents. Both were available in
extensive size ranges.

In all experimental runs saturation of a column initially
free of solute was employed.

The air-dried adsorbents were first screened two or three
times through a set of U.S. Standard Screens to ensure an
adequate grading of the samples. The large size Dowex
particles were also rolled on an inclined plane to effectively
separate the completely spherical particles from the broken
ones.

The Dowex was converted to the H +-form by contacting
50 g. of the resin with 31. of 5% H2S04solution in an agitated
vessel for one hour. This was repeated twice more and the
resin then filtered on a buckner funnel, washed with dis-
tilled water until the wash waters were neutral to methyl
orange and no test for sulfate ions was obtained. This was
followed by air-drying for 24 hours and storage in closely
stoppered bottles. The A120 3 ivas activated by heating
for four hours at 200° and then stored in ground-glass stop-
pered bottles over P2 5.

The physical property of the Dowex particles which
causes them to swell appreciably when first placed in water
required that measurements be made of the effective sphere
diameter of the swollen particles. A large number of par-
ticles, approximately 100, were allowed to swell in water
and the diameters measured with a moving cathetometer.
These values were averaged © give an effective diameter.
The size of the A12 3 particles was taken directly from the
mesh size.

To obtain a constant flow rate, a constant head was
maintained by means of a brsaking-siphon arrangement in
conjunction with calibrated capillaries placed at the point
of outlet of effluent solution.

The main portion of the experimental equipment was the
radial disc proper and all the other apparatus was built
around it. The disc was machined from block lucite.
Figures 2 and 3 illustrate the over-all setup.

The main body of the disc was used as the adsorbent
holder and completely encircling the periphery of the ad-
sorbent space was a series of holes through which the effluent
solution flowed. The solution then passed through a very
narrow passage, out of the disc by means of the center hole
and finally passed through the capillary tubing. Resting
in the center of the main body, in prepared grooves, was a
very thin circular insert. This insert had a large number of
holes drilled in its sides to allow passage of solution. The
disc cover, containing the saturating solution inlet, rested
on a shoulder of the main body and also had a circular
groove in its face to allow the top part of the insert to fit
snugly. The path of the saturating solution may be de-
scribed as follows: from the constant head device through
the disc cover and into the hollow insert, then out of the side
holes of the insert, through the adsorbent, through the
periphery holes and out of the disc body.

Very thin strips of filter paper were placed around the
outside of the hollow insert and also inside of and against
the periphery holes. This kept the adsorbent from passing
through the holes. To ensure a uniform bed packing, 20 or
25 ml. of water was poured into the disc and then followed
by the adsorbent. As the adsorbent was added a glass rod
was used to stir and move the bed about in order to remove
air bubbles and to level the bed.

Effluent samples were collected at certain designated
intervals, analyzed for solute concentration and the con-
centration plotted vs. the volume of solution through the
disc.

For both the K+-H + exchange and the HAc-AI23
system, a pipetted volume of each effluent sample was ti-
titrated with standardized NaOH to yield the H + concen-
tration. The K + content for the first system was evaluated
by difference using the initial concentration @ as deter-
mined by a Mohr titration for Cl~. In the case of CuS04
on Al20s the effluent samples were analyzed by using the
intense blue color of the Cu(NI113)4++ complex in conjunc-
tion with a Coleman Spectrophotometer set at 600 mp.

The weight of adsorbent added was determined by using
varied amounts of adsorbent until two runs using the same
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INFLUENT

Fig. 2.— Schematic drawing of over-all apparatus.

weight gave break-through volumes which checked within
+5% of each other.
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In all cases the experimental runs were made at such times
that the temperature did not vary over +3% .

Once an actual experimental run was started there were
two criteria which were used to determine if the results were
to be regarded as of value. It was required that the flow
rate remain constant throughout the complete run within
+2%, and also that the effluent solution must have com-
pletely wet the periphery of the disc. If either of these
factors were not attained, the curves were not considered
reliable for calculation.

The adsorption isotherms were obtained by standard
methods. These consisted of mixing known amounts of
solute and adsorbent, allowing the mixture to stand with
occasional shaking and analyzing the supernatant liquid.

Results and Discussion

In order to place a severe test upon the equa-
tions, the experimental runs were carried out with a
fourfold variation in flow rate, and a fivefold varia-
tion in particle size for each system; in addition a
tenfold change in the initial concentration, cQ for
the Dowex 50 was employed. In all three systems,
a decrease in flow rate or in particle size had the
effect of causing the concentration history curves
to become steeper. Changing the initial solute
concentration, @ however, had very little effect.

Let us now consider in detail the results of first
the K+-H+ exchange and then the LIAc and Cu-
S04adsorption on A1D 3

A Exchange of K+ on H+ - form Dowex 50.—
Consulting Figs. 4 and 5, which represent a part of
the data obtained, it is evident that the particle
size had a definite effect on the shape of the satura-
tion curves. In addition the changes in the shape
of the curves are quite small when compared to the
variation in cO employed. These factors seem to
rule out the chemical process as a major rate-deter-
mining step.

From the data obtained in calculating the iso-
therm of K + on Dowex 50 (not shown), calculations
have been made for the equilibrium constant, K

_ Gskr

chrcks

K

where .ns represents the H+ concentration in the
solution, chr in the resin, etc. The values ob-
tained indicate that the exchange is a reversible
one.

These considerations leave only the DIl and
L1l mechanisms to be considered. To help
differentiate between these two, an interrupted run
was made at each concentration using the largest
particle size, 20/30 mesh, and the highest flow rate,
215 ml./min. The choice of these operating
variables was dictated by the desire to make the
experimental conditions such that particle diffusion
has the highest probability of occurrence. This
would be at large particle diameters and high flow
rates. The results are shown in Fig. 6, and no
discontinuity is observed. This causes doubt that
the D Il mechanism is the desired one.

However, this does not mean that we can say
that the LIl case is the rate-determining one.
Instead we must see if the data actually fit the

theoretical equations derived for liquid diffusion.
To do this the constants A + YR~ and D were

calculated in the manner outlined previously for
each experimental curve in the range 0.15<c/c0<
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Fig. 4.— Saturation of H +form Dowex 50 with KCI solution.
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Fig. 5.— Saturation of H +-form Dowex 50 with KCI solution

0.90 and with the aid of the data given below, Table
IV has been constructed.

no (100/120 mesh)
do (60/70 mesh)
no (20/30 mesh)

0.0081 cm.
0.0137 cm.
0.0421 cm.

f100/120 mesh
weight, of resin used ( 60/70 mesh
[20/30 mesh

16.2 g.
16.0 g.
15.7 g.

The constant k has been set equal to —0.60 because
it yields the best correlation.
Tor cO = 0.03494 mmol./nil., the numerical con-

stants 3—Dl’lands—[{/ in Table 1 X show average devia-
PJ Pjb

tions of £16%. The experimental and calcula-

tion deviation have been estimated as * 10%.

Visual evidence has been observed to indicate to
the authors that the 20/30 values are a little high.
With this fact in mind, :.he results seem to be close
to the desired range. As cO increases to 0.3738
mmol./ml. the per cent, deviation increases to very
high values. This deviation could be caused by
the non-linearity of the adsorption isotherm in this
concentration range or perhaps by a changing of the
rate determining mechanism.

Calculations were also made for the DI
anism but no correlation was found.

A liquid diffusion mechanism is thus indicated
as the rate-determining step for cO = 0.03494
mmol./ml. An attempt to confirm this mechanism
by means external to the disc operations them-
selves was also made. It, can be shown that

mech-
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Mesh size
100/120*
100/120
100/120
00/70
60/70
60/70
20/30
20/30
20/30
100/1206
100/120
100/120
60/70
60/70
60/70
20/30
20/30
20/30
100/120¢
100/120
100/120
60/70
60/70
60/70
20/30
20/30
20/30

*o = 0.03494 mmol./ml. 1

where kg@we) represents an average fog across the
disc. Its value can be approximated for an experi-
mental run by using the data of McCune and Wil-

left-hand side involves external data.

50
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Fig. 6.— Interrupted runs for saturation of H +~form Dowex 50 with KC1 solution.
Table IV
Numerical Correlations for Saturation of H +-form Dowex 50 with KC1 Solution
Flow rate, 32> »dot»040 3F5i Daov®
ml./min. <“ A(f tyR) pi A —ft2 D pb  ThF2—
21.5 25 0.0423 0.174 0.00483
10.6 34 .0427 272 .00550
5.6 48 .0478 372 .00600
21.5 14 .0422 .108 .00502
10.6 20 .0431 .159 .00545
5.6 28 .0467 210 .00575
21.5 .0453 .0426 .00615
10.6 8 .0535 .0736 .00720
5.6 11 .0570 .0979 .00690
21.5 24 .0406 .0532 .00148
10.6 38 .0477 .0784 .00158
5.6 52 .0518 .106 .00172
21.5 16 .0482 .035 .00175
10.6 24 .0520 .0522 .00180
5.6 35 .0582 .0724 .00198
21.5 7 .0640 .0164 .00236
10.6 12 .0800 .0250 00251
5.6 16 .0720 .0340 .00270
21.5 17 .0338 .00162 .000450
10.6 30 .0377 .00184 .000373
5.6 55 .0545 .00335 .000540
21.5 8 .0241 .00522 .000253
10.6 15 .0323 .000953 .000330
5.6 28 .0450 .00180 .000492
21.5 5 .0458 .00335 .000483
10.6 10 .0670 .000818 .000362
5.6 16 .0720 .00118 .00091
o = 0.1045 mmol./ml. cc0 = 0.3738 mmol./ml.
{Vokg(r)dr h_eImZ)_to obtain_ poin_twi_se k_g’s and the_n taking a
‘mlie) — five point Gaussian distribution to obtain the aver-
N —R age value. Looking at equation 36 it can be seen
W that the right-hand side is evaluated from experi-
iM{2—R9 (38)  mental data obtained in this work wholly, while the

For the initial concentration under consideration,
(20) L. li. McCune and R. H. Wilhelm, Ini. Eng. Chem, 41, 1124

(1919).
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Fig. 7.— Saturation of A120 3with CuSO, solution.

Fig. 8.— Saturation of A120 3with CuSCh solution.

both sides of equation 36 have been calculated.
Some of the results are given below:

Particle Flow rate,
size inl./min. aAlr2 - H2 &g(ave.)
100/120 mesh 10.6 21.7 6.15
60/70 mesh 10.6 13.3 4.06
20/30 mesh 10.6 5.4 2.46
W

In each case the numerical values of

and feg(ave) are approximately of the same magni-
tude. Considering the number of assumptions
and external quantities used in calculating the
values of fog@aq!) this numerical similarity lends
confirmation to the choice of liquid diffusion as
rate-determining step for a, = 0.03494 mmol./ml.

B. Adsorption of CuS04on A1D 3and of HAc on
A1D 3—Using the same reasoning as before in
conjunction with Figs. 7 and 8 and 9-10 the kinetic
mechanism may be discarded. Figure 11 shows the
results of an interrupted run in each system and a
definite and distinct discontinuity is found. These
discontinuities are of sufficient magnitude as to
leave no doubt of their validity and thus indicate
that a solid diffusion mechanism is controlling;
at least in the range of c/cOwhere the interruptions
were made.

The adsorption isotherms indicate that for the
Cl11S™4 concentration employed and for ¢, = 0.01976
mmol./ml. in the HAC system, the processes may
be considered reversible ones following a linear
isotherm. For cO = 0.04626 mol./nd. in the JIAc
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Fig. 9.—Saturation of Al.0s with HAc solution.
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Fig. 10.—Saturation of AL:0s with HAc solution.

system, the isoiierm may no longer be considered
linear. From these facts the most plausible mech-
anismis DII.

Using the equations for D I, and the data given
below Tables V and VI have been constructed
for the range, 0.05<c¢/c0<0.75.

do (100/120 mesh) = 0.00675 cm.

«0 (50/60 mesh) = 0.0136 cm.

oo (30/35 mesh) = 0.0271 cm.
i 100/120 mesh = 24.0 g
weight of adsorbent used 150/60 mesh = 23.4 g
(30/35 mesh = 21.8 g

The deviation of values of the constant

TP
in Tables V and VI average approximately £18%
as compared to the +10% experimental and cal-

culation deviations.
are worthless.

Liquid diffusion calculations
Thus the data can best be explained

Table V

Numerical Correlations for Saturation of ALOs with
CuS04 Sotution

Mesh  Rlowrate y=Afyi+yR) 2 M
100/120 21.6 35 0.00141
100/120 10.6 70 .00139
100/120 5.6 130 .00136
50/60 21.6 8 .00136
50/60 10.6 20 .00167
50/60 5.6 35 .00159
30/35 21.6 2.7 .00191
30/35 10.6 4 .00140
30/35 5.6 8 00146
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Table VI

HAc Solution

ml./min.
17.8
10.6
5.6
.17.8
10.6
5.6
17.8
10.6
5.6
17.8
10.6
5.6
17.8
10.6
5.6
17.8
10.6
5.6

-0s woa2
72 ih(i2—2:2

8 0 000269
12 000240
23 .000243
2 .000280
3.5 .000293
G 000268
0.6 .000358
1.0 .000355
1.8 000340
6 000202
10 000211
21 .000222
2 .000280
8 .000250
6 .000268
0.7 .000417
1.2 .000440
1.8 .000340

b® = 0.04626 mmol./ml.

Fig. 11.— Interrupted runs for saturation of A];03with CuS04and HAc.

by the assumption that solid diffusion is the rate-
determining step.

A further point to be considered in both
CuSO.i and HAc adsorption on A1 3 is that the
shape of the particles employed did not conform
to the theoretical postulates. Instead of being
spherical in shape as the Dowex 50 was, the AI203
particles were slabular. This causes two difficul-
ties. First, the particle diameters used in the
calculations were taken directly from the mesh
size which does not represent the actual spherical
diameter. However, it was felt that the mesh size
would represent an average physical dimension
(or equivalent diameter) of the particles and with
the use of the shape factor could be applied in the
calculations. Second, in the original derivation
of the equations it was implicitly assumed that the
fluid advanced uniformly through all the interstices
of the bed. This will not be completely valid for
non-spherical particles because of the irregular
interstitial spacing. Neither of these difficulties
are readily amenable to experimental testing so
that they must tactfully oe assumed not to cause
any appreciable error.
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The Brunauer-Emmett-Teller (B.E.T.) theory2of multimolecular adsorption is generalized to include the case of a mix-
ture of two isotopes, where the consideration of anomalous adsorption is necessary. An expression is obtained for the adsorp-

tion isotherm wnich is useful in the case of adsorption of helium isotopes.

An expression for the concentration of isotopes in

the film is deduced and the results are illustrated graphically for various values of the parameters.

I. Introduction

Terrell L. Hill3has given the general extension of
the B.E.T. Aieory of multi-layer adsorption to
mixtures of gases. In recent experiments on the
adsorption of helium by Earl A. Long and Lothar
Meyer,4it was observed that the first layer of the
adsorbed atoms appears to pack in with anoma-
lously high density. This led to a generalization6
of the B.E.T. theory in which the packing parame-
ter occurs as an arbitrary constant. In Hills’ the-
ory of adsorption of mixtures of two components,
even without the first layer packing parameter,
eight different energy parameters are needed to
work out the model rigorously. In order to com-
pare experimental data, it is desirable to reduce this
number. This paper presents an approximate
theory that succeeds in doing this. The resulting
equations are applicable only to mixtures in which
one component is present in very small proportions.
This is, however, no problem in the case of helium
isotopes where the concentration, He3 in He4, is
usually extremely low.

As in the B.E.T. theory the energies of adsorp-
tion are assumed independent of the number of
atoms in the first layer, thus neglecting horizontal
interactions. The energies of adsorption of the
second and higher layers are taken as equal to the
heats of evaporation of the respective atoms from
the bulk liquid of the same composition as the film
at the saturation pressure. It is assumed that the
energy of adsorption of one atom on any layer is
independent of the type of atoms forming the site of
adsorption; this is not too serious here because of
the low concentration. Also it will be assumed
that the total number of adsorbed atoms in the first
layer (including both isotopes), when the gas mix-
ture is at the saturated vapor pressure, is independ-
ent of the concentration of the mixture. Although
the potential energy of adsorption can compress
the second layer to a certain extent as well as the
first layer, such a possibility is excluded in order to
avoid mathematical difficulties. It is assumed that
the packing parameter is nearly independent of the
isotopic composition of the first layer. This as-
sumption is again questionable except at weak mix-
tures of one isotope in the other. It is, however,
very necessary to the mathematical argument, be-

(1) This work was supported by funds from the Office of Naval
Research.

(2) S. Brunauer, “The Adsorption of Gases and Vapors,” Princeton
University Press, Princeton, N. J., 1945.

(3) Terrell L. IT 11, 3. Chem. Rhys., 14, 2f.8 (1946).

(4) E. A. Long and L. Meyer, Rhys, lieu., 76, 440 (1949).

(5) W. Band, ibid., 76, 441 (1949)

cause the isotopic composition of the first layer var-
ies slightly with the pressure, or with the thickness
of the film, therefore unless the packing parameter
were independent of this composition it would not
be constant for any one isotherm. It is for this
reason that the isotherm may be applied only to
weak mixtures.

Il. Theoretical

The classical number of complexions is made up
of a number of terms: the first term is the number
of possible arrangements of the atoms of the first
layer within that layer times the number of arrange-
ments of the atoms of the second layer on the sites
formed by the first layer and so on

B\ (YA A2 (An-)! +
[B- ayi(Ta - Aa2p(az- An {Anl- A)J
(1
where
B = number of adsorbed atoms of both isotopes in the
first layer when the gas mixture is at the saturated
vapor pressure
Ar = Xr+ Yr = total number of sites for r + 1st layer
X r = atoms of the x-isotope adsorbed in the rth layer at a

given pressure
YT = corresponding number of atoms of the y-isotope

We have stipulated that A, equals the number of
atoms adsorbed in the first layer; due to the pack-
ing effect we have less than A, sites available to the
atoms forming the second layer and consequently
introduce a factor 7, such that yAi is the actual
number of sites available to the second layer atoms.

The second term in the count involves the num-
ber of ways in which Xi atoms may be originally
assigned to the first layer, to the second layer and
so on, an analogous expression existing for y-atoms.
Let X = total x-atoms adsorbed; Y = total y-
atoms adsorbed, then the second term is

The third term in the count involves the number of
mays of choosing X, total x-atoms adsorbed, and
iVxg, number of x-atoms in the gas, from the total
number of x-atoms, NX A similar choice is in-
volved in the case of the y-atoms.

LSI K «

The last term in the count involves the number of
ways in which the x-atoms may be placed in the en-
ergy states for the gas, with an analogous expres-
sion involving the y-atoms
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?sgi = number of x-atoms in the j th quantum state in the
gas; iiyej, number of y-atoms
Wxegj = statistical weight of the jth state of the x-atoms in

the gas;

It is assumed that any adsorbed atom has only one
guantum state. Taking the product of the terms
(1) through (4), multiplying by I/NK\Nyl to correct
the count for indistinguishability of the x- and y-
type atoms when considered separately, and simpli-
fying, the count assumes the form

Wysj, for the y-atoms

o T B\ 7hd A2 an,t 1
L(B- AD\(yAl- 42!(42- 43 f'(411- 40

r i Lr i | &£ tleh. (5

LaT meX,U LTileeY\J Li ngi! j nyg! J w

The following restrictions must be imposed;
Total numbers of x- and y-atoms are to remain con-
stant separately

A4 = En«, + E Ab Ny:E* (6) (7)

Total energy of the mixture is to remain constant

E—E edXx E agnf- Xf,
i
yXrih
r> 1 (8)
where
elgj and exgj = energy of the x- and y-atom, respectively, in

the gas in the j th quantum state

fi and 71 = energy of adsorption of the x- and y-atoms,
respectively, in the first layer
fL and = energy of adsorption of the x- and y-atoms,

respectively, in the second and higher

layers

Since the most probable distribution in energy is
the one which has the maximum count, we maxi-
mize the count or number of complexions and intro-
duce the undetermined Lagrangian multipliers, ax
and j8 to take care of the conditions (6), (7), (8).
Taking partial derivatives with respect to X and Y
in the first, second and rth layers, these equations
assume the general form

glr Ina- adNx- PE] =0 9)

Analogous expressions exist involving Y, these will
be omitted throughout, until needed later.

Using the Sterling approximation, In A4 = A In
N — N, and performing the differentiation we ob-
tain

(yf;sy _(84'374;&4 = ca*c BEI (10)
A YA —A> _

(A2— A exe-/3fu (10
ATAr-l ~ Ar) _

(Ar  iars)ay - c2eTEL (12

We may now obtain expressions for Ai, total atoms
adsorbed in the first layer, by adding AT from (10)
and Fi from the analogous equation involving IT;
similarly for A2and Ar

4, = 7(7—3—_‘;%9)1:«)0 py + cay + Yoy (13)

42= ek H WL + e~y +1 (44)

At = +44 + e““y +tot (15)

(/Ir —Ni+D)
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Defining
x = e~*X+WL y = ey +01 (16)
a = co(fi ~fr)j c, = gPUI - ,1) (17)
d=cx+ ¥ (18)
(13) becomes
(7.4 - AQy = z~A.y-'iB - 40 (19)

(14) and (15) become through the use of these defi-
nitions

™2 —423) = z{yAi —4») (20)
_ (4r- 4rH). _
G4ri- An’ r= 34 .. (21)

The final expression for the adsorption isotherm is
obtained by mathematical manipulation of the
equations (19), (20) and (21). Multiply all equa-
tions of the form (21) together fromr = 3 tor =
m—1

- 'A 'E r 0»
Combine equations (22) and (20)
(4mi - Am) = 2(7.41 - .122™-3 m> 3 (23)
Add all equations like (23) fromm = 3tom —n
n—3
(4, - 4,) = (y4, - 422E A (24)
k=0

Add all equations of the form (23) cumulatively in
the following manner

(42—49 + 2(13—44 + mem+ (n —2) (.1Qi — .4n):

ii~2
4 - 4, - (n- D4n= (7.1, - 422E (25)
k=i
Solve (20) for .42
- 4» = z,UyyA,a-Ur)(B - 4,)1/t- 7A1 (20)
Put this into (24)
n—3
(7.1, - 4,) = y{B - 4DU"2iU74i(1- V7Y 1+2 E *k
k=0
(27)
Put (2G) into (24)
4 — 4, — (i — 1)4,
n—3
7(B - 41)U72iY74i(l—1l/t)sE h 1" (28)
k=0
Take the ratio of (27) and (28)
741 _ ,t &ZO0' 1+ Tir=o
(4 —.4)_ n-1 v o @
zkEzlfakl M(i-UT"
Simplify and solve for Ai
a - A~ (30)

Add equations (24) and (25) and neglect terms in-
volving A n (at some finite value of n, Anwill go to
zero since there are a given finite number of atoms
in the film)

= (B —4)V72,il74-i/7)[I + ~
(31)
liaise (31) to the power 7, separate the (B — AT)
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term and divide through by the term in square
brackets to the 7 power

AT .
72 §_77(]1 } Z)l}_7 + AiYd —sziaiz 1 (3&3
- "2
Substitute the value of Ai from (30) into (32):
1 i @- o T
yz + (1 - zZ)\T + jyz+ (1 - 2)f
0 - U2 f

B [wm+d- "' <>

Multiply through by ''1 toeobtain the

final adsorption isotherm

Ba Zi+ (1 - z)y

AL~ % 20 oY

I1.  Physical Significance of X, y and z

In order to attach physical significance to the
terms x and y and therefore to z and z3 terms which
appear in the adsorption isotherm, we turn to the
use of that portion of equation (5) depending on the
gas. Use is made of the following equation analo-
gous to (9)

(35)

M° D/} [Infl — tt.vyg — ARi?xg]l = 0
The solution is

¢Vxg = X ) nrrjo=

(30)

where
Qn=X!,rx 8 jeT
J

Substitute in (36) for Qxg, the partition function for
the perfect gas, one obtains

Ahg = e“TXVAWMA-T/Wy/i 37)

where Vxand mxare, respectively, the volume and

Fig. 1.— Total adsorption in the first layer vs. sum of the
partial pressure ratios: curve A, y/x = 0.01, ¢i/\ = 2.5,
ri = 300,y = 1.0; curve B,y = 0.5; curveC, y 0.2;
curves 1, c, 300; curves 2, r, = 200; curves 3, r,

curves a, y 1.0; curvesb, y = 0.5; curvesc, y 0.2.
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mass of the x-atoms.  Substitute (37) into the ideal
gas law: PXVX= NxKT to derive

= PKKT)-di2wmx/h*)~3i (38)
Substitute this in (16)
X = Px(fc2,)-83<2”"mxA 2) -iAerLl/iir (39)

where 3= 1/KT. If y were equal to zero and one
had only the x-atoms to consider, it is easily seen
from (34) that as x approached unity, the ratio
A/B would approach infinity. This would cor-
respond to the saturation pressure, therefore we
may write (39) as

r= 1= PXMt(kr)-lh {z2irmx/h*)-"/vfUKT (40)
Taking the ratio of equations (39) and (40)
P p
X = X -; (41)

and similarlyy — p y
a x sat a y sat
where the saturation pressure of either isotope is to
be measured in the absence of the other isotope.

I11. Results

The adsorption isotherm is illustrated in Fig. 1
The expression for A/B is obtained from the ad-
sorption isotherm (34) by simple mathematical
manipulation and is valid for all values of z

4/R = 11- hi -
-

7)1102/(1 + /ll~=910 + ec/A-1l.)
2)[{c,2/7(1 + y/x)] (1 -f Ctyscix) + (1 - z)T]
(42)

z is the sum of the ratios of the partial pressures of
the x- and y-isotopes to their respective saturated
vapor pressures, while A/B expresses the ratio of
the total number of adsorbed atoms, x- and y-iso-
topes, to the number of sites in the first layer. The
curves within the inset represent enlargements of
portions of the isotherms lying below z = 0.1. The
parameters have been defined above, see equation
(16), and are given various possible values as noted
in Fig. 1. The curves A, B and C are effectively
dependent only upon 7, the packing parameter,
while the inset curves 1, 2 and 3 are dependent also
upon 4. From equation (17), the greater the dif-
ference between heats of adsorption of the x-isotope
in the first and subsequent layers, the greater the
adsorption at low pressures. Also within each
group of curves of constant O the ratio A/B is seen
to increase with an increase in the packing parame-
ter from curve ¢, 7 = 0.2 to curve o, 7 = 1.0, since
B is five times as great in the former as in the latter
case.

Long and Meyer4find that in the neighborhood
of the lambda-temperature the saturation number
of atoms in the first layer is about four times that
expected from the liquid density. We would there-
fore expect the curve C, corresponding to a packing
parameter of 0.2 to approximately predict the ad-
sorption of helium isotopes, at least in the lower
pressure region where the B.E.T. approximation is
in good agreement with experiment for the adsorp-
tion of single components. Apparently no data have
been published as yet on the adsorption of helium
isotopes. Even though the theoretical isotherms
are restricted to low concentrations, as in the case
of mixtures of He3and He4 an interesting compari-
son can bo made between curve A, where anoma-
lous packing is absent (7 = 1), and the adsorption
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of mixtures of oxygen and nitrogen as reported by
J. R. Arnold,6at several concentrations. Compari-
son is made on the assumption that we may ascer-
tain from the experimental isotherm the approxi-
mate point on the curve corresponding to the com-
pletion of the first layer.2 Arnold compares the
adsorption of a mixture of 50.2% oxygen and 49.8%
nitrogen with the extended B.E.T. theory devel-
oped by Hill3and finds that between z = 0.05 and
2 = 0.30 the observed and calculated isotherms run
parallel, above 2 = 0.30 the predicted isotherm di-
verges increasingly toward increased adsorption.
Comparison here is made between curve A and the
experimental isotherm (Fig. 2). The agreement
here seems to run as high as 0.40 for 2 Comparison
is also made with a mixture of 85.1% nitrogen and
14.9% oxygen where excellent agreement is ob-
served to a pressure corresponding to z 0.55.
There apparently are no experimental data for con-
centrations lower than this, but the trend would in-
dicate an increase in agreement with the theory
with decreased concentration. Again for pressures
above 0.40 for the higher concentration and above
0.55 for the lower concentration the theory predicts
greater adsorption than is actually observed.

Fig. 2.— Curve A, old B.E.T. isotherm; curve B, new
B. E.T. isotherm, corresponds to curve A of Fig. 1;
C, experimental isotherm, 85.1% nitrogen, 14.9% oxygen;
curve D, experimental isotherm, 49.8% nitrogen, 50.2%
oxygen.

The theory also yields an expression giving the
concentration of the isotopes in the film. Remem-
bering that the total number of adsorbed atoms A,
is equal to A"+ Y, sum of the x- and y-isotopes ad-
sorbed, again by mathematical manipulation of
(34) we may obtain an expression for the ratio Y/
X, the concentration in the film

This is plotted against z in Figs. 3 through 6. All
parameters in these four figures are identical except
for the variations in the concentrations of the iso-
topes in the gas, y/X, values of which are small since
the isotherm is only valid in the case of weak mix-
lures. Curves 1 through 8 give the concentration
in the film as a function of the pressure for the vari-
6 J R Amod, J Anm Gem St 71, 104 (1949
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Fig. 3.— Relative isotope adsorption R vs. sum of the partial

pressure ratios z; y/x = 0.1.
Curves rz/c\ 7 Curves [v//a\ 7
1A 0.50 1.0 5 1.5 1.0
B .50 0.75 2.0 1.0
C .50 .50 7 2.5 1.0
D .50 .30 8 A 5.0 1.0
E .50 .25 B 5.0 0.75
F .50 .20 C 5.0 .50
2 .75 1.0 D 5.0 .30
.90 1.0 E 5.0 .25
4 1.10 1.0 F 5.0 .20

ous values of the ratio c2/ch which is related to the
cirvats of adsorption as previously seen. For each
value of cZci the concentration in the film varies
with the packing parameter as illustrated in curves
A through F, associated for convenience only with
curves 1and 8. It is seen that all the curves con-
verge at the saturation pressure to the value of the
concentration in the gas. The curves of varying
packing parameter with constant c2ci converge at
zero pressure to the value of the concentration
shown by the straight lines, where 7 = 1. The
curves 1, 2 and 3 have negative slopes since the val-
ues of c2ci are less than unity and
from equation (43) the concentra-
tion in the film is less than the
concentration in the gas. It is obvious that for
cZci less than unity, the concentration in the film
decreases from A to F, that is from larger to smaller
values of the packing parameter. For c2ci greater
than unity a decrease in the packing parameter from
7 = 1.0to 7 = 0.2 yields an increase in the concen-
tration in the film as illustrated in curves 8A through
8F at any constant pressure excluding the two points

- 43



388

of convergence at zero and saturation pressures,
Here again there seems to be no experimental data for
comparison vdth the theory. Such data would,

S. J. Gregg and K. S. W. Sing

Vol. 56

through equation (43), yield an additional check on
the values of the parameters c2ci and y derived
from the observed isotherms.

THE EFFECT OF HEAT TREATMENT ON THE SURFACE PROPERTIES OF

GIBBSITE. PART I11I.

THE CHEMICAL NATURE OF THE PRODUCTS

FORMED
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University College, Exeter, and Royal Technical College, Salford, England
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Samples of gibbsite have been heated for five hours at a succession of fixed temperatures, and the product examined by
X-rays and by measurements of volatile matter, specific gravity and bulk density. Results show that from ca. 300 to ca. 500°

the product is a mixture of boehmite and - -alumina, from
diminishing as temperature rises, and at 1200 ° is corundum.

The present paper reports another part of a sys-
tematic examination of the active material ob-
tained by heating gibbsite under controlled condi-
tions. Parts | and Il deall-2with the effects of the
temperature of pretreatment on the adsorption iso-
therms of nitrogen and of oxygen at —182.7°, and
of carbon tetrachloride at 25°. The present part is
concerned mainly with the chemical nature of the
active products. For this purpose, measurements
have been made of the volatile matter, specific
gravity in carbon tetrachloride and bulk density,
and also a few X-ray photographs have been taken.

It is already known with some certainty that the
substances formed during the thermal decomposi-
tion of gibbsite are boehmite, 7-alumina and corun-
dum ((7-AlI203) according to the temperature.
This is confirmed by new evidence, mainly from
density determinations, in the present study.

Experimental

The different experimental methods will be dealt with in
turn along with the results they have yielded. The syn-
thetic gibbsite, constituting starting material, was taken
from the two batches of pure Bayer Hydrate already de-
scribed.

(1) The Thermal Balance and Preparation of Samples.—n
This simple device, already described by several workers2-34

(1)
(2)
(3)
(4)

Gregg and Sing, Part I, This Journal, 55, 592 (1951).
Gregg and Sirxg, Part 11, ibid., 55, 597 (1951).

Dubois, Bull. soc. chim., [v] 3, 1178 (1936).

Gregg and Winsor, Analyst, 70, 336 (1945).

1. 500 to 1000° is y-alumina of crystallite size progressively

consists in directly weighing a substance in a vertical electric
furnace by means of an analytical balance mounted over-
head. In this way the changes in weight occurring when a
solid disengages a gaseous product on heating may be followed
very easily. In the present study a preliminary experiment
was carried out (on 4.500 g. of Bayer Hydrate) with a
steadily rising temperature. Comparison of the curve of
weight against time with that of furnace temperature against
time showed that the rate of loss of weight was almost neg-
ligible until 290° was reached, and then became very rapid.
A further set of preliminary experiments at constant tem-
perature was now carried out: the furnace had been raised
to a definite temperature before inserting the sample and it
was kept there (x5 ° or better) during the whole experiment.
It was thus found that at 425° and higher temperatures the
rate of loss became very small (though not zero) after 4-5
hours; a standard time of 5 hours was accordingly adopted
in the preparation of samples used for the present work and
also for the adsorption experiments described in Parts | and
Il. It is recognized that equilibrium was not reached in
this time— for this may take periods of several weeks or more
(15)— but the object of the present study was to prepare
not equilibrium samples (which would almost certainly be
badly sintered) but an active product, obtained by a stand-
ard and reproducible heat treatment. .

Samples to be used in the following experiments were pre-
pared at temperatures over the range 200 to 1300° at inter-
vals of approximately 100° and sometimes less. Immedi-
ately on removal from the furnace each sample w-as divided
into several portions, which were sealed up in small glass
bulbs until ready for examination. (Most experiments
were carried out within a day of preparation.) Portions of
these same samples were used for the adsorption experiments
of Parts | and 11.12

(2) Volatile Matter.— The small
sample was broken at the neck and the contents quickly
transferred to a weighed alundum crucible, the whole

bulb containing the
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weighed and then ignited at 1250° in a horizontal electric
furnace; it was finally weighed after cooling in a desiccator.

Since all samples prepared below 1100° are hygroscopic,
it is very difficult to avoid some adsorption of water vapor
whilst transferring and weighing the sample. Again,
samples prepared below 400° on ignition at 1250° are liable
to evolve water so rapidly that some spurting and loss of
solid material is likely to occur. From these two causes
therefore, values for volatile matter arc liable to be too high.
It seems reasonable to suppose that the volatile matter is
almost entirely water, since unheated samples gave 34-80%
loss on ignition (theoretical for AI203-3H2A is 34-65%).

The results obtained with both batches of gibbsite are
represented in Fig. 1 as the plot of percentage volatile matter
against temperature of preparation. The two batches give
independent curves, although both curves have the same
general form: one sudden fall in the volatile matter at ca.
300° and another at ca. 500°. There is clearly no arrest
corresponding to either A1 3H2D or A1D 32H2D.

Temperature of heating, °C.

Fig. 1.— Volatile matter content (water content) of the
product of heating Bayer Hydrate to different temperatures
for 5 hours: G, batch | of Bayer Hydrate; A, batch Il of
Bayer Hydrate.

(3) Specific Gravity in Carbon Tetrachloride.— For these Compt. rend., 122, 1427 (1896).

determinations a technique similar to that described by
Culbertson and Dunbar5was used. A small soda glass bulb
containing 1-2 g. of the sample was evacuated for about one
hour whilst heating to 200°. The stem of the bulb was
sealed off under vacuum leaving about 3-4 cm. length, and
the bulb was weighed in air (Mig.). After asmall file mark
had been made on the stem, the tip was broken off cleanly
under pure carbon tetrachloride (previously boiled to expel
air) using a special breaking device. The bulb was then left
in carbon tetrachloride until the weight became constant
{Mi g.); 18 hours were found to be sufficient. It was then
emptied, rinsed with dilute acid and water, dried and re-
weighed together with the tip in air (AT* g.), and finally
weighed without the tip in carbon tetrachloride (M, g.).
All weighings were made with the bulb held in a platinum
sling, suspended from the arm of an analytical balance.
The specific gravity, p, of the solid is then given by6

_ {Mi — Mz)pecu
p~ {Mi+ Mt)- {Mi+ M3

(pecu is the specific gravity of carbon tetrachloride7 at the
experimental temperature).

It was sometimes noted that a small bubble was present
on breaking the bulb under carbon tetrachloride, no matter
how long or how well the evacuation had been carried out.
(It is suspected that gases came from the glass on heating.)
This had little effect on the result, however, and 1% agree-
ment was easily obtained. The accuracy of the method
was later8 checked by using NaCl as an inert reference sub-

(5) Culbertson and Dunbar, J. Amer. Chem. Soc., 59, 300 (1937).
(6) Lowry, ibid., 46, 824 (1924).

(7) “International Critical Tables," Vol, 3, 1928, p. 22.

(8) Gregg and Hill, unpublished work.
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stance. This gave values of 2.163 and 2.166,
with the accepted value of 2.17.

compared

Temperature of heating, ° C.

Fig. 2.— Specific gravity of the product of heating Bayer
Hydrate to different temperatures for 5 hours.

Figure 2 shows the plot of specific gravity in carbon tetra-
chloride versus the temperature of preparation for samples
taken from both batches of Bayer Hydrate. There are
several definite breaks in this curve and it seems probable
that the flat portions, AB, EF and GH, correspond to the
presence of definite chemical individuals. In Table | these
values of p are compared with the average values taken from

Table |

The Density in Certain Ranges of Fig. 3, Compareo

with Values from the Literature

Experimental Density Refer-
density, from the ence,
Range, °C. P18 literature plsa
AB 15-220 2.43-2 45 Gibbsite, 2.43a,6,c
CD 360-430 3.12-3 16 Boehmite, 3.02 4
Boehmite, 3 .12&
EF 550-820 3.46 Diaspore, 3.41a&
7 -Alumina, 3.32"
7-Alumina, 3.65b
G Above 1200 4.01 Corundum, 3.G00'6™*

“ “International Critical Tables,” Vol. 1, 1926, p. 136.
6Montoro, Gazz. chim. ital., 73, 43 (1943). cde Schulten,
dRooksby, Trans. Ceram.
Soc., 28, 399 (1929). e Mellor, “Treatise on Inorganic and
Theoretical Chemistry,” Vol. 5, Longmans, Green and Co.,
New York, N.Y., 1924.

the literature for the most likely hydrates and forms of
alumina. Up to 220° (AB) gibbsite is still stable; from 550
to 820° the nearly constant value of 3.47 (EF) is consistent
with either diaspore or 7-alumina, the latter being much
the more probable on general grounds; and finally, at 900°
or so the formation of corundum begins and is complete at
1200°. The break at CD, where p is 3.12 to 3.16, would
seem at first to show that the solid is all boehmite between
360 and 430°, for it corresponds to the value 3.12 given by
some workers as the specific gravity of boehmite; as against
this, however, the water content is considerably below the
requirement for boehmite throughout this range. Moreover,
the X-ray data (vide infra) for the 420° sample show it to be
a mixture of boehmite and 7-alumina. If one accepts
Fricke and Severin’s value, p = 3.02, for pure boehmite, our
specific gravity results fall into line with the water content
and X-ray data, and point to the presence of a mixture of
boehmite and 7-alumina over the range 360 to 430°. The
deviation between the curves for the two batches of material
between B and E (as compared with their coincidence else-
where) would thus correspond with a difference in the propor-
tions of boehmite and of 7-alumina, due presumably to
small but unavoidable differences in the preparation of the
two batches.

4) Bulk Density.—-It is well known that there is a loose

correlation between bulk density and “activity,” in the
sense that “light” powders are usually more reactive than
“heavy” ones; but quantitative data on the subject are
few. It was therefore considered of interest to determine
the bulk densities of the samples of the present study.

A portion of the freshly prepared sample was introduced



390 S. J. Gregg and K. S. W. Sing Voi. 56

into a 10-cc. graduated cylinder and reweighed after well  studies by many workers10‘ 5 have shown that the

corking the top. The cylinder was mechanically tapped following stages occur as the temperature rises pro-
until there was no detectable change in the volume of the gressively:

solid; the tapping was done by fixing the cylinder at the end
of a rocker arm which was actuated by a cam turned by an
electrical gramophone motor suitably geared down; the
shape of the cam was such that the cylinder dropped rather

suddenly on to a bakelite button once per revolution, from : f
the height of approximately one inch. These stages have been confirmed in the present

Preliminary experiments indicated that the results were StUdy on the basis of the results of _SpeCiﬁC graVity
nearly independent of the weight of the sample, and that a and the X-I’ay photographs. Heatlng below 200°
suitable rate was three drops per second; agreement to caused practically no chemical change. Between
within =1 to 2% could be obtained by using a standardized 220 and 370° (mainly after 3000) loss of chemically
procedure. . - . B

Figure 3 shows the curve of bulk volume V (the reciprocal combined water occurred, IeaV|ng malnly b_O(?hmlte-
of the bulk density) plotted against the temperature of From about 400 to 550° most of the remaining wa-
preparation; its general similarity to the curve of surface ter was lost and the solid phase became |arge|y 7-
area against temperature (Fig. 6, Part 11) is obvious, and f _ : F
clearly shows the correlation between the “lightness” of the alumina. X Ray examm.atlon ShOWEdo that .the
powder and its activity. The marked increase in V be- perUCt _remalnEd 7'alum|_na up _tO 900_ (p055|b|y
tween 200 and 400° corresponds to the decomposition of the  a little higher); the specific gravity indicated that
gibbsite to boehmite and 7-alumina. a sample prepared above 1200° contained only co-

rundum (a-AlD 3. Thus the general picture is
quite clear, but the results of the water-content de-
termination call for discussion.

If any intermediate hydrates are formed the ther-
mal dehydration curve should be stepwise provided
the conditions are isobaric, since according to the
Phase Rule when the number of phases becomes
three (two solids and one vapor) there is one de-

200 600 1000 gree of frgeed_om; thus since in the_presenf( \{vork the
Temperature of heating, °C. presslure is fixed by the atmosghehrlc humllt_jlty there
Fig. 3.— Bulk volume of the product of heating Bayer Hy- 1S op_y 9ne temperature at which two so Id_S are in
drate tc different temperatures for 5 hours. eql_J”'br'Um with the vapor. But th_e_expe“mental
points of Fig. 1 do not represent equilibrium condi-
. ;r:‘]‘; Ieb‘:L'faf_irr‘f':‘Yp'S f’ithcomrFf’;)CSét% r‘g‘;:?tt_'etyv_ of course, and tions, of course, so that the absence of steps cor-
ionship with su ies is s y i . .
expected: the volume of a given weight of porous powder respondmg to d_Efmlte hYdrateS IS not su_rplrlsmg,
packed in a standard container is made up of the separate Ne€vertheless neither Fricke and Severin'é nor
volumes of (a) the solid material itself, (b) the visible and ~ Weiser and Milligan,’ found that any evidence
the microscopic pores, (c) the ultramicropores (of molecular whatever for the formation of a monohydrate,
dimensions), (d) the space between the granules. The - S - - -
last, (d), will depend on the exact manner of packing of the even thoth in their isobaric dehydratlons partlcu-
granules, and this is a function not only of the shape of the lar care was taken to heat each sample to constant
latter but also of their adhesion to one another— an adhesion  weight (several weeks being required for a single
which is considerably influenced by the adsorption of gases point in some cases). Hiittig and Wittgenstein 7
on the surface of the solid.9 For higher accuracy, there- - - - .
fore— as subsequent work in these laboratories has proved— on the Other hand’ did obtain a_sma_ll break in their
bulk density should be determined with the powder either ~dehydration isobar of natural gibbsite, correspond-
in vacuum or in an atmosphere of a standard humidity. ing to the formation of A1 3HX; but it is doubt-
However, the variation of V with the temperature of prepa- ful, in the Iight of the other WOFk, whether much sig-
ration exceeds this variation due to adsorption and there is I - -
little doubt that the curve of V against temperature of !‘nflcance should be attached_to this break. ; I_t IS _Of
preparation would still retain the general shape of Fig. 3 if interest that the curves of Fig. 1 are very similar in
carried out under the more rigorous conditions. form to the curve obtained by La Lande, McCarter

(5)| fX'Raé A”a'VHSiSd_'i f‘zé" ffhthlel)dewmp“(’?egl gibbsite ang  Sanbornil for samples of natural gibbsite
samples from Bayer Hydrate (Batc were kindly ex- .
amined, by means of the Debye-Scherrer technique for X- heated for ha_lf'hour perIOdS' ) ;
ray powder photography, by J. Chatt and Miss Aldridge. In conclusion we draw attention to the following
Specimens for photographing were prepared by making the points: (a) The first and second stages in the ther-
powder into rods (by grinding with about 10% gum traga-  mga| decomposition of gibbsite must overlap, so that
canth and a few drops of water to form a paste which was boehmi d 7-al - . ’.d bl
rolled into thin rods of diameter 0.3 mm.). The photo- oehmite an -alumina CO_'E)_(ISt OVer a consiaeranle
graphs, obtained with a 9 cm. camera and CuK radiation, range of temperature. This is clear from the X-ray
were compared with those of known aluminas taken with  photographs and from the results for water content,
the same camera. and is substantiated by the values for specific grav-
The results obtained are summarized as follows: Bayer . if h I f boehmi . b
Hydrate (Batch 11) heated for 5-hour periods; 420°, fairly ity 1t we accept the value for boehmite given by

well crystalline boehmite and some 7-alumina; 500°, 7- Fricke and Severin.

Gibbsite — > Boehmite — >a 7-Alumina — >- Corundum
7-Al20 3-3H20 7-AbOrHd) 7-Al1203 CK-AI20 3

alumina; 595°, 7-alumina; 705°, 7-alumina; 819°, 7- (b) Many workers have found a residual per-
alumina; 905°, 7-alumina.

With increase in temperature of preparation there was (10) Feachem and Swallow, J. Chem. Soc., 267 (1948).
slight increase in the cuptallite size of the 7-alumina. (1512 Lalande, McCarter and Sanborn, Ind. Eng. Chem., 36, 99

: : (12) Milligan, This Journat, 26, 247 (1922).
Discussion (13) Schwiersch., Chem. Erde, 8, 252 (1933).

The nature of the chemical changes that occur on (14) Taylor, J, Soc. Chem. Ind., 68, 23 (1949).

heating gibbs|te seem reasonably clear. X_Ray (15) Weiser and Milligan, T his Journat, 38, 1175 (1934).

(16) Fricke and Severin, Z. anorg. Chem., 205, 287 (1932).
(9) Obriemov, Proc. Roy. Soc. {London), A127, 290 (1930). (17) Hiittig and Wittgenstein, z. anorg. Chem., 171, 323 (1928).
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centage of water in 7 -alumina, which is very diffi-
cult to remove (observed in the present work for
samples prepared between 600 and 1000°). This
small amount of water is often regarded as ad-
sorbed, 15 but it would appear to be too firmly held
for ordinary van der Waals adsorption: it is dif-
ficult to believe that physically adsorbed water
would require a temperature of 1000 ° to disengage it.

(c) Different samples of gibbsite, even though
of high purity, do not decompose at exactly the
same temperature. It is likely that a mere trace of
impurity would exert a great effect of the rate of
decomposition; moreover the precise experimental
conditions during the initial preparation of the
gibbsite would probably be very critical. This
point has been stressed previously, and it was the
reason why a whole series of experiments was done
with the same batch of starting material.

(d) Increase in the crystallite size of 7-alumina
occurred between 500 and 905°, and corundum
could not be detected in the X-ray photograph of
the 905° sample. The specific gravity, however,
whilst remaining constant at about 3.47 between
550 and 820, showed a rise to 3.53 at 905°, probably
owing to the elimination of some of the finer pores,
into which the carbon tetrachloride molecule
could not penetrate. It seems likely that the con-
siderable variation in the values of p reported for 7 -
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alumina is caused in the same way; if this explana-
tion is correct then the true value should be close
to 3.53.

(e) The adsorption studies (Parts | and I1) show

that samples heated below ca. 200 and above 1100 °
give no measurable adsorption of nitrogen at
—182.7° or of carbon tetrachloride vapor at 25°.
Thus no “activation” of gibbsite occurs before
chemical decomposition takes place, and activity is
lost when corundum is formed. Samples prepared
between 300 and 1000°, however, are all “active,”
giving well defined adsorption isotherms. The
curves of surface area S against temperature of
preparation (Part Il, Fig. 6) show a maximum at
about 410°; the most active product therefore
contains both boehmite and 7 -alumina. By 500°
the boehmite has almost entirely disappeared; as
the temperature rises from 500 to 1000° the crystal-
lite size of the 7 -alumina increases and the surface
area decreases steadily.
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Published X-ray measurements on solutions of colloidal electrolytes and ethylene oxide derivatives are shown to be

qualitatively in accord with an intermicellar equilibrium such as that indicated in Fig. 1.

The conception of an equilibrium

between three main types of micellar configuration, which has been used earlier to interpret the phase relationships and elec-
trical conductivity behavior of certain solubilized systems, has been shown to give a coherent qualitative interpretation of

published X-ray measurements on detergent solutions.

Introduction

It is agreed by all investigators of aqueous solu-
tions of detergents and of such solutions containing
dissolved (i.e., “solubilized”) organic liquids that
the hydrophilic groups of the detergent and of
the organic molecules present tend to associate
with one another and with the water molecules.
The lipophilic groups of the detergent on the other
hand tend to segregate themselves from the water
molecules, and, in the case of solubilized systems,
to associate with the non-polar portions of the
molecules of the organic liquids present.

Different views are held by different workers on
the detailed mechanism by which these tendencies
are fulfilled. The view taken in this account is
that there is an equilibrium between three possible
types of micellar configuration (Fig. 1) the position
of the equilibrium within a single phase depending
on its composition and temperature.

The idea of a micellar equilibrium, first advanced
by McBain, has also frequently been used by other
workers. 1-4

According to McBains “If there is any way in
which ions or ion pairs can come together or associ-
ate with any reduction in free energy as by reducing
interfacial energy or by more uninterrupted hy-
drogen bonding of the water, then that complex
must exist to some extent, however slight, in soap
solutions. Each size, shape, and arrangement will
form in proportion to the reduction in free energy

(1) wW. D. Harkins, R. W. Mattoon and R. S. Stearns, J. Chem-
Phys., 16, 646 (1948).

(2) W. D. Harkins, R. W. Mattoon and R. S. Stearns, ibid., 16,
652 (1948).

(3) ,T. W. McBain, “Alexanders Colloid Chemistry,” Vol. V, Rein-
hold Publishing Corp., New York, N. Y., 1944, p. 114. =

(4) J. W. McBain and S. S. Marsden, Acta Cryst., 1, 270 (1948) (in
relation to X-ray diffraction).

(5) J. W. McBain, “Frontiers in Colloid Chemistry,” Interscience
Publishers. Inc., New York, N. Y., 1949, p. 144,
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that it offers under each condition of concentra-
tion, temperature and presence of other salts and
materials.”

The conception of the intermicellar equilibrium
indicated in Fig. 1, which is in agreement with the
above principle, was originally based on a study
of the phase changes occurring in solubilized sys-
tems on change of composition and temperature.6

e
MT L

R< 1 R™I R>1

Fig. 1.— Intermicellar equilibrium and associated phase
changes shown by certain series of solubilized systems.
Suggested correlation with S-, M-, and I- X-ray diffraction

W = hydrophilic section of micelle; C, amphiphilic
section of micelle; O, lipophilic section of micelle; R, ratio
of dispersing tendencies on lipophilic and hydrophilic faces

of C, respectively. (The S-band arises from as far as pos-
sible random arrangement of the hydrocarbon chains in the

C and O sections of all types of micelle.)

bands.

Good corroboration of this idea and further
insight into the details of the equilibrium were
furnished by a study of the changes in electrical
conductivity of a series of solubilized systems with
changes in composition and temperature.7

In the present paper an attempt is made to
correlate the published X-ray measurements on
detergent solutions and solubilized systems, also
recently reviewed by W. Phijippoff,8 with the
operation of die intermicellar equilibrium sug-
gested in Fig. 1. Before this is done, however, a
brief recapitulation will be given of the considera-
tions underlying this suggested equilibrium and
of the related phase changes indicated in Fig. 1.

Nature of Intermicellar Equilibrium

Consider a small region within a detergent solu-
tion or solubilized system in which a plane layer of
amphiphilic molecules (C), not necessarily all of
one species, is temporarily in equilibrium with its
lipophilic surroundings (0, i.e., solubilized organic
liquid or the lipophilic groups of other amphiphilic
molecules) on one face and its hydrophilic sur-
roundings (W, water, water soluble organic liquid,
dissolved ions) on the other (Fig. 2). This local
equilibrium is considered to be only temporary
and subject to displacement one way or the other,
by local thermal fluctuations of concentration
within the system.9

During the time that the monolayer is in equilib-
rium it does not tend to bend. Hence the

(6) P. A. Winsor, Trans. Faraday Soc., 44, 376, 451 (1948).

(7) P. A. Winsor, ibid., 46, 762 (1950).

(8) W. Philippoff, 7 Colloid Set., 5, 183 (1950), (Table I).

(9) P. Debye and E. W. Anaeker, Tina Journat, 63, 1 (1949).
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tendency (Ago) to disperse on its lipophilic face
must be equal to that (Acw) on its hydrophilic
face. Let

R = vtco/Acw

For the planar layer in equilibrium
R =1

If a bulk change in composition of the system or
a fluctuation within a system of constant bulk
composition causes an alteration in the ratio
Agb/Acw so R becomes > 1, the monolayer
will tend to become convex toward its lipophilic
face. If R becomes < 1, the monolayer will tend
to become convex toward its hydrophilic face.

Within a given single phase detergent solution
or solubilized system it is envisaged that the local
fluctuations of concentration due to thermal motion
are accompanied by corresponding local variations
in micellar form. The equilibrium between three
main types of micellar configuration, shown in
Fig. 1, thus arises. The predominant micellar
form in a given phase will depend on its composition
and temperature. The general manner of this
dependence has already been discussed.6 It is
important to emphasize that a micelle is not part
of a separate phase, as is the case with an emulsion
droplet, but merely represents a favored configura-
tion of molecules (cybotactic complex) within a
single phase.

Si, G- and S2Phases.—Of the numerous
phases which can occur in solutions of colloidal
electrolytes under various conditions of concentra-
tion and temperature® three particular phases,
S, G and S2 were encountered frequently in our
earlier work.6 It was suggested that the respective
properties and conditions for formation of these
phases could be connected with differences in the
balance of the intermicellar equilibria within them
as indicated in Fig. 1. Examples of these phases
may briefly be given as follows.

Si-Solutions.— Typical isotropic aqueous solu-
tions of detergents above the critical concentra-
tion. These may contain solubilized hydrocarbon
or small amounts of n-alkanol, etc. The predomi-
nant micellar form is supposed to be the Si-micelle
(R<1). This is in equilibrium with S2 and
lamellar micelles in greater or less concentration.

G-Gels (Liquid Crystalline Solutions).—On in-
crease of the detergent concentration or on addi-
tion of n-alkanols to Si-solutions a birefringent gel
phase G frequently separates. It is supposed that
within this phase the temperature and composition
correspond to that of a stable lamellar micelle or
liqguid crystal structure. Under this condition
there is minimum limitation to the size and lifetime
of the lamellar micelles and these are supposed to

(10) (Annual Review) J. Amer. QOil Chem. Soc., 181 (1948).
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Fig. 3.— Accompanying phase changes at 20°
(5 ml., 20%w.) with hydrocarbon B (5 ml.);

(1) No octanol added (Type | system)

(2) 0.85 ml. octanol added (Type | system)
(3) 0.91 ml. octanol added Si (isotropic)
(4) 1.00 ml. octanol added Si + G

extend throughout the system and to be of the same
average composition as the systems as a whole.
This extensive lamellar micelle organization confers
its special properties on the G systems. Thus (i)
this phase is liquid crystalline, (ii) shows an en-
hanced density,7 (iii) shows high viscosity and gel
character, (iv) gives highly oriented X-ray dia-
grams, (v) the X-ray diagrams interpreted on the
basis of the lamellar model are often consistent
with the composition of the lamellar micelle being
the same as the composition of the system as a
whole, 11 a relation which does not hold for Sx or &
solutions.

S2Solutions.—Isotropic S2solutions may be
produced from the gels on further continuation
of the processes, e.g., addition of n-alkanol, which
produce G from Si. The S”micelle (R>1) is
supposed to be predominant in S2solutions and to
be in equilibrium with lesser or greater amounts of
lamellar and Si-micelle. An example of the inter-
conversion of the various phases discussed above is
shown in Fig. 3.

In some cases it is possible by change of tem-
perature or composition to effect a continuous
transition of solutions from the Si- into the Si-
conditions and vice versa7 (Figs. 4 and 6 of Ref. 7).
The change is marked, however, by a considerable
though gradual change in electrical conductivity.
It appears therefore that it is necessary to envisage
the possibility either of a direct equilibrium be-
tween Si- and Sa-micellar forms or of an equilibrium
which involves a concentration, size and stability
of lamellar (or leaflet) micelles too small to cause

(11) J. W McBain and W. Philipoff, Nature, 164, 885 (1949).
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on adding ra-octanol to a mixture of undecane-3 sodium sulfate solution
systems photographed between crossed polaroid sheets.

(5) 1.20 ml. octanol added G (birefringent)
(6) 1.38 ml. octanol added G + S2

(7) 1.70 ml. octanol added S2 (isotropic)
(8) 2.13 ml. octanol added Type Il system.

the formation of a gel phase. The existence
within a single solubilized phase of regions where
both hydrocarbon—and (water + salt)—uptake
are simultaneously limited is clearly indicated by
the coexistence of such solubilized phases in equili-
brium with an excess of both aqueous and organic
liquid phases (Type 111 systems).12 Such a system
for example is produced at 22.5° from undecane-3
sodium sulfate (20% soln. (by wt.) 10 ml.), aromatic
free hydrocarbon (b.p. 188-213°; d2 0.777;
nd 1.4320; 65 ml.) octanol-1 (1.6 ml.) and sodium
sulfate (1.5 g.). In this case a slight fall of tem-
perature causes solution of the excess organic liquid
phase and a slight rise of temperature solution of
the excess aqueous phase. Presumably in such
three phase systems the limited miscibility arises
through the production by thermal fluctuations
within the solubilized phase of regions of limiting
stability of the Si- and S2micellar forms, respec-
tively.

Correlation between X-Ray Measurements and
the Micellar Equilibrium Proposed in Fig. 1

A
ure 4 taken from Harkinslillustrates the relations
between certain of the bands which have been
identified in X-ray measurements on aqueous
detergent solutions and solubilized systems. Of
the bands shown the S-, M- and I-bands only will
be considered in this account.

S-Band.—This band is interpreted by all work-
ers as related to the spacing of the hydrocarbon
chains within the hydrocarbon portion of the

(12) P. A. Winsor, Trans. Faraday Sor., 44, 377, 384 (1948).

Nature of the S-, M- and I-bands.—Fig-
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Fig. 4—General illustration of the X-ray bands diffracted
from clear liquid aqueous solutions of straight long-chain
colloidal electrolytes at room temperature, showing the
effects of concentration and solubilized hydrocarbons. The

spacings represent only the order of magnitude (after Har-
Kins1).

100

micelles. The band is broad indicating a liquid
type of arrangement of the hydrocarbon chains
and it has the value of the similar spacing in a
liquid hydrocarbon13or liquid palmitic acid.4

Beyond the indication of this liquid arrangement,
the evidence afforded by the S-band concerning the
geometrical structure of micelles seems to be slight.
It was originally taken as indicating the side
spacing in lamellar micelles but if it is merely
characteristic of liquid hydrocarbon it is consistent
with any form of micelle in which the paraffin
chains maintain random liquid arrangement.’5
This qualification is, however, important since it
contra-indicates any periodic parallel alignment of
the hydrocarbon chains as in Harkins' cylindrical
model. 817 Even in G systems, where lamellar
micelles are strongly indicated by the X-ray
measurements (v.i.) although the long spacings
are very highly oriented the short spacings (S-band)
are not oriented.18 This seems to indicate a less
regular lateral disposition of the hydrocarbon chains
in the lamellar micelles, even in the liquid crystalline
systems, than is frequently represented,® i.e.,
than that in crystalline fatty acid. In ref. 20,
increasing the so-called “angle of tilt” may actually
only represent a reduction in closeness of packing
of the polar heads in the layers with a consequent
contraction in the effective thickness of the random
liquid hydrocarbon layer.

M-Band.—The M-band, discovered by Harkins
in X-ray measurements with soap solutions, ap-
pears to indicate a spacing which is independent of

(13) W. D. Harkins and R. Mittleman, J. Colloid Sci., 4, 370 (1949).

(14) J. Stauff, Koll. Z., 89, 224 (1939).

(15) G. S. Hartley, Ann. Reps., 55, 49 (1948).

(16) W. D. Harkins and R. Mittleman, J. Colloid Sci., 4, 39 (1949);
W. D. Harkins and R. Mittleman, ibid,, 4, 371 (1949).

(17) W. D. Harkins, J. Chem. Phys., 16, 156 (1948).

(18) J. W. McBain and S. S. Marsden, This Journal, 52, 122
(1948).

(19) J. W. McBain and S. S. Marsden, ibid., 52, 114 (1948).

(20) J. W. McBa nand S. S. Marsden, ibid., 52, 110 (1948).
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concentration and which is closely equivalent to
twice the length of the soap molecule.2l The M-
band, which appears at the same concentration of
soap as that at which the S-band appears and at
considerably lower concentrations than those
required for the appearance of the I-band, was
initially interpreted by Harkins as related to the
thickness of a cylindrical micelle consisting of one
double layer of soap molecules, the polar groups
being in the plane faces.17 As already pointed out
this model represents a liquid crystalline micelle
whereas at the concentrations of the measurements
the X-ray evidence indicates a liquid micelle.
In a more recent paper® Harkins therefore revises
his earlier view as follows: “The interfacial tension
between the micelle and the water with ionic atmos-
phere is very small but the small size of the micelle
gives a relatively high internal pressure so that the
micelle takes on as nearly a spherical shape as
possible when the other constraints are involved....
At the present time no phenomenon or quantitative
relationship is known which indicates the spherical
model to be inapplicable.” A point which may be
of relevance is that within an isotropic soap solution
or solubilized system all the polar groups of a given
molecular species would be expected to exert a
statistically similar function. This is represented
only by an inter-micellar equilibrium or by models
of spherical or indefinitely extended lamellar type.
For cylindrical models of finite size and stability
the functions of the polar groups are different
according as they are found toward the center or
toward the periphery of the faces of the cylinder.

I-Band.—The X-ray long spacings used exclu-
sively by all investigators0223 other than the
Harkins school and also, initially, by Harkins
himself2 are somewhat longer than the M-band
spacing and only become evident at rather higher
concentrations. These spacings increase with dilu-
tion of the soap solution and with solubilization
of hydrocarbon. They were interpreted by the
original German investigators, by McBain and,
at first, by Harkins on the basis of a lamellar
micelle. More recently Harkins considers these
spacings as related to the intermicellar distance2t
an idea also advanced by Hartley.5 McBain
maintains the original view.® Hughes, Vinograd
and Sawyer? prefer a lamellar micelle model but
one in which the ordered regions in the case of Si-
solutions are much less extended and regular
than in the models used by the other authors.

A marked difference in character exists between
the S- and I-bands. Thus while in isotropic solu-
tions at rest neither show orientation, marked
orientation of the I-band may appear under flow
(Hess)Z or in liquid crystal systems. The S-band
remains unoriented.

(21) W. D. Harkins, R. W. Mattoon and R. S. Stearns, J. Chem.
Phys., 15, 209 (1947).

(22) W. D. Harkins, R, W. Mattoon and M. L. Corrin, J. Amer
Chem. Soc., 68, 220 (1946); J. Colloid Set., 1, 105 (1946).

(23) K. Hess, Fette und Seifen, 49, 81 (1942).

(24) W. D. Harkins and R. Mittleman, J. Colloid Sci., 4, 367 (1949).

(25) G. S. Hartley, Nature, 163, 767 (1949).

(26) J. W. McBain and O. A. Hoffman, Tots Journai, 53, 39
(1949).

(27) E. W. Hughes, W. M. Sawyer and J, R. Vinograd, J. Chem.
Phys., 13, 131 (1945).
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(B) Preliminary Assumptions Used as the Basis
for the Correlation between X-Ray Results and
Intermicellar Equilibria Suggested in Fig. 1

The correlation of a number of reported X-ray
results with the intermicellar equilibria suggested
in Fig. 1 will now be considered on the basis of the
following assumptions: (1) The S-band corre-
sponds to a liquid arrangement of hydrocarbon
chains within all forms of micelle. (2) The M-
spacing as calculated by Harkins corresponds to the
mean Si-micelle diameter. (3) The I-band corre-
sponds to the layer spacing within lamellar micelles.

(C) Changes in Character and Relations of S-, M-
and I-Bands with Changes in Composition

(a) Effect of Concentration.—The relations be-
tween the intensities of the S-, M- and I-bands for
aqueous detergent solutions of various concentra-
tions are shown in Fig. 4 (after HarkinsJ).

The character of the S-band has already been
discussed above.

The concentration at which the I-band appears is
considerably above that at which the M-band
appears. Harkins states® “The intensities of the
two bands might have been interpreted as a measure
of the relative abundances of two kinds of micelle.
However, a single kind-of micelle may give the M-
band and at higher concentrations when these
micelles are necessarily closer together the I-band
may result from a network of micelles giving an
intermicelle spacing” (since the M- and |I-
bands overlap, cf. Harkins, ref. 1, Fig. 4). “At
high concentrations the total diffracted intensity
would then be partitioned between that for the
single micelles (M) and that for the intermicelle
arrangement (1). Under this supposition, with
increasing concentration the M-spacing should
remain constant whereas the I-spacing should
decrease. This is what is observed.”

Although the suppositions of the last two para-
graphs accord with the intensity variations of the
two bands, the earlier supposition, namely, that the
intensities of the two bands might be interpreted
as a measure of the relative abundance of two
types of micelle seems equally acceptable and re-
tains the interpretation, preferable on other
grounds (y.i.), that the I-band arises from lamellar
micelles (G-micelle Fig. 1) of greater or less ex-
tension. The origin of the M-band, which as
already discussed is consistent with a spherical
micelle, is then assigned to the Si-micelle.

For a given constitution of its C (and 0) layers a
lamellar micelle will tend more to pass into an
Si-micelle the more the dispersion of its polar
groups is facilitated, i.e., the less the surrounding
concentration of ions in the vicinity of its polar face
and the greater the concentration of water. In
the case of Si-solutions (mean value of R< 1)
this would lead one to expect lamellar micelles to
arise, if at all, in regions of the solution where
thermal fluctuations have caused a temporarily
high concentration of detergent. That is, the
lamellar micelles if present in equilibrium in Si-

(28) W. D. Harkins, R. W. Mattoon and R. S. Stearns, T his Jour-
nat, 16, 650 (1948),
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solutions should be poorer in water than either the
Si-micelles or the bulk solution. This conforms
with the results calculated from the I-spacings
using the lamellar model {cf. Harkins2.

The thickness of the water layer of the lamellar
micelles in equilibrium with Si-micelles can be en-
visaged as arising from a compromise between the
tendency for the lamellar micelles to be of lower
water content than the bulk solution, as mentioned
above, and the tendency for equalization of concen-
tration throughout the solution. The ratio
[(water/soap) in lamellar micelle/(water/soap)
over-all] should be less than 1 and increase with
increasing concentration becoming unity when the
stability of the lamellar micelle is maximum, i.e.,
on formation of the gel phase. These relationships
conform to those calculated from the observed I-
spacings using the lamellar model. Unit value of
the ratio [(water/soap) in lamellar micelle/(water/
soap) over-all] appears to occur in the gels derived
from Aerosol OT, hexanolamine oleate, glyceryl
monolaurate and diglyccl laurate.1l

(b) Effect of Inorganic Salts.—Addition of in-
organic salt to an aqueous solution (Si) containing
lamellar micelles in equilibrium with Si-micelles
should, by opposing the dispersion of the polar
heads, increase the stability of lamellar micelles
of higher water content and thus displace the |
band toward the longer spacings. This latter
result is observed® except at very low salt con-
centration. However if the range of composition
consistent with the stability of the birefringent gel
phase gives an indication of the stability of lamellar
micelles, the effect of inorganic salt on this stability
iscomplex (ref. 7, Fig. 5). Also in a system consisting
of sodium octane-1 sulfate, water, nonanoic acid
and sodium chloride we have found that for systems
containing Si and G or G and S2 in equilibrium
the NaCl/water ratio and the NaCl/sodium
octane-1 sulfate ratio are considerably less in the
gels than in the equilibrium sols. This would
seem to indicate a comparative intolerance of the
gel (lamellar) structure for inorganic ions. Ex-
amples are given in Table I.

(c) Effect of n-Alkanols-1. (i) Effect on M-
Band.— There is strong evidence that n-primary
alcohols solubilize in micelles by penetration be-
tween the long chain soap ions. In Fig. 1 they
thus become part of the C layer and have their

polar groups in contact with W. In the case of the
Si-micelles in these solutions the diameter, on
account of the liquid character of the micelle in-
terior, will be derived from the average chain
length of the various molecular types present.

When alcohols of chain length below Cx are
solubilized in sodium dodecyl sulfate solution they
diminish the M-spacing and the derived micelle
diameter (Harkins, ref. 1). This was accounted for
along the foregoing lines by Harkins.

It is remarked in Harkins paper that “addition
of 4.08 g. of hexanol to 100 g. of 24.8% sodium
dodecyl sulfate gave a clear but stiff gel at room
temperature.” We have frequently observed this

(29) W. D. Harkins, R. W. Mattoon and M. L. Oorrin, J. Amer.

Chem. Soc., 68, 226 (1946).
(30) A. P. Brady, T his Journat, 53, 947 (1949).
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Table |

Analysis of Equilibrium Phases Formed on Addition of Nonanoic Acid to a Mixture of Octane-1 Sodium Sulfate

Solution (5 ml.,, 40%w.) and Sodium Chloride (0.2 g.)

Vol. nonanoic acid added (ml.) 0.7

Nature of phases Si G

Composition of phases (% by wt.)
Nonanoic acid 6.5 17.7
Octane-1 sodium sulfate 28.3 42.8
Sodium chloride 4.1 1.04
Water 61.1. 38.5
NaCl/C8Hi;S04Na 0.15 0.024
NaCl/H2 0.067 0.027
Volumes of phases (ml.) 4.1 1.6

formation of gel on addition of a n-alkanol to a
n-soap solution and interpret it as due to the
production of an extensive and stable lamellar
micelle structure. The inclusion of water-insoluble

alkanol within the C layer of a micelle will reduce
the tendency of its hydrophilic face to spread in
water, since the tendency to disperse of a face
composed of mixed hydroxyl and ionic groups will
be less than that of one composed wholly of ionic
groups. The lamellar micelle thus becomes stabil-
ized with respect to the Si-micelle by the addition of
w-alkanol and at a certain concentration of alkanol
it becomes sufficiently stable and extended to lead
to the separation of the birefringent gel phase.

Harkins further states “It is interesting to note
in this case” (i.e., that of the gel) “that instead
of the usual broad and diffuse appearance of the M-
band—especially at higher detergent concentra-
tions—now it becomes a broad but distinct band
with about the same spacings as when gel is not
formed.”

It seems likely that this effect may be due to the
M-band being differently derived in the Si- and
G-systems.

In the Si-solutions the “broad and diffuse ap-
pearance of the band especially at higher concen-
trations” may be due to the process of the equili-
bration of comparable concentrations of Si- and
G-micelles at these concentrations whereas at
lower concentrations the Si-micelle is overwhelm-
ingly preponderant and in the gel the lamellar
micelle alone is significant.

(if) Effect on I-Band.—As explained above,
solution of water insoluble alcohols in soap solu-
tions should facilitate the formation of lamellar
micelles and thus enable these to form in regions
of the solution of water content which would
otherwise be tco high for their existence.

On this view water insoluble alcohols should: (1)
intensify the I-band and allow it to appear at lower
concentrations of soap; (2) increase the I-spacing
by increasing the thickness of the W layer at which
the lamellar micelles show a given stability. In
cases where the chain length of the alcohol is less
than that of the soap this would tend to be off-set
by a reduction in the thickness of the C-layer as
discussed above for the case of the diameter of the
Si-micelle.

Both these effects were recorded by Harkins
(ref. 1, Fig. 4) but were not satisfactorily accounted
for by him. According to Harkins “the I-spacings

1.0 3.5 4.0

Si G G s2 G S2

2.3 21.4 32.9 37.6 34.2 41.4
10.7 43.4 26.9 19.2 26.6 19.7

7.1 0.72 1.57 2.9 1.34 2.5
79.9 34.5 38.6 40.3 37.9 36.4
0.66 0.017 0.058 0.15 0.050 0.13
0.089 0.021 0.041 0.072 0.035 0.069

2.3 3.7 4.5 4.0 2.6 6.4

deserve consideration as giving a qualitative idea
of the distance between micelles.” Harkins further
assumes that these are the same micelles whose
diameters are indicated by the M-spacing. Now
these M-spacings are reduced by addition of water
insoluble alcohols of chain length less than the
soap. The number of the micelles should therefore
be increased both by the reduction of their diameter
and by the incorporation of further micellar ma-
terial. Hence on this view the intermicellar
spacing should be diminished. Actually however
the I-spacing is increased.

The likely effect of water soluble alcohols on the
micellar equilibrium is more difficult to foresee
than the effect of the water insoluble alcohols.
In our phase studies addition of water soluble
alcohol has been considered to increase the tendency
Agw of the C layer to disperse in water. The
general physical evidence strongly supports this
view. Water soluble alcohols should therefore
have an effect opposite to that of water insoluble
alcohols and of inorganic salts. They should
therefore diminish the stability of lamellar micelles
in equilibrium with Si-micelles and diminish the
thickness of the water layer at which the lamellar
micelle shows a given stability. The I-spacing
should therefore be reduced.

This result was actually observed by Harkins
for methanol, ethanol and propanol. For butanol,
which is incompletely miscible with water, only a
small effect on the spacing was observed.

With regard to the effect of these alcohols on the
intensity of the I-band Harkins reports that addi-
tion of methanol or ethanol to sodium dodecyl sul-
fate solutions makes the X-ray pattern more diffuse.
Butanol, in common with the higher alcohols in-
tensifies the I-band.

(d) Effect of Hydrocarbons (i) Effect on M-
Band.—Table Il (reproduced from Harkins (2)),
shows the effect of various solubilized hydrocar-
bons on the M-spacing.

Under comparable conditions a given gquantity
of benzene produces a much smaller increase in
spacing than the same amount of heptane. Thus
5.08 g. benzene in 100 g. of 12% potassium myris-
tate solution produces an increase of 9.1 A. while
only 1.59 g. of heptane produces a similar increase.
This result cannot be accounted for by the in-
clusion of the two hydrocarbons in a similar manner
in similar micelles. If spherical micelles alone
are concerned it would appear possible that the
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Tabte Il

M -Spacings for Solutions of Potassium

Laurate (KCi2 and Potassium Myristate (KCn) Satu-

Aqueous

rated with Hydrocarbons at 25°

With no solubilized hydrocarbon, da = 35.3 for KC!2 and
¢m = 40.3 A. for KCn independent of soap concentration.
At the higher soap concentrations, the values of AdM are less
accurate because of the influence of the I-band. At 25°
the density of n-heptane is 0.679, ethylbenzene is 0.862 and
benzene is 0.873 g./cc. At 25° the solubility in 100 g. of
water for n-heptane is 0.005, ethylbenzene is 0.015 and ben-
zene is 0.185 g. Aqueous solutions of sodium lauryl sulfate
saturated with hydrocarbons give similar relations.

Bragg Solubility,
M-spacing grams

increment hydrocar-

due to bon per

Per cent, Bragg hydro- 100 g. soap

Hydrocarbon by weight M-spacing carbon solution,
solubilized of soap d\i + Adjvisat —2A Irgat
Ethyl- 7.00 KCu 40.7 5.4 1.07
benzene 8.84 - 41.1 5.8 1.48
10.09 41.5 6.2 1.77
12.05 41.8 6.5 2.23
13.60 42.0 6.7 2.63
n-Heptane 4.47 KCn 50.0 9.7 0.46
7.16 51.0 10.7 0.84
9.82 51.2 10.9 1.24
12.00 49.2 8.9 1.59
13.74 48.2 7.9 1.89
Ethyl- 4.47 KCn 50.4 10.1 1.13
benzene 7.16 52.2 11.9 2.02
9.82 51.4 11.1 2.99
12.00 48.4 8.1 4.03
13.74 47.8 7.5 4.56
Benzene 4.47 KCn 51.2 10.9 1.57
7.16 52.0 11.7 2.66
9.82 49.6 9.3 3.82
12.00 49.4 9.1 5.08
13.74 49.0 8.7 5.96

more polar benzene penetrates further between the
hydrocarbon chains toward the polar groups, thus
approaching the oil-soluble alcohols (which do not
increase the M-spacing) in behavior. On the
other hand at different concentrations of soap the
same hydrocarbon does not produce an increase
in dmwhich is even approximately directly related
to the (wt. hydrocarbon solubilized/wt. of soap).
This seems strongly indicative that the M-band is
derived from one of two or more types of micelle
in equilibrium.

(ii) Effect on I-Band.—The influence of solu-
bilized hydrocarbons on the I-band has been de-
scribed by Harkins3l and the implications of the
experimental results examined on the basis of the
lamellar model.2 These implications were later
held by Harkins to make the lamellar model
unlikely.7

Calculations were made13¥of the thickness r of
the oil layer within the micelle by dividing the
volume of the oil solubilized by the area of the
double soap layers assuming that all the soap was
in the form of lamellar micelles and taking 28
sg. A. as the cross sectional area of the soap mole-
cules. In calculations for n-heptane, triptane and
ethylbenzene the calculated thickness (r) was found

(31) W. D. Harkins, R. W. Mattoon and R. S. Stearns, T his Jour-
nat, 16, 654 (1918); W. D. Harkins, R. W. Mattoon and M. L. Corrin,
J. Colloid Set., 1, 105 (1916).
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to be only about 0.4 times the increase in thickness
of the lamellae indicated by the I-spacing (Adi).
For example for@3.5% heptane in 25% potassium
laurate r = 5.5 A. but Adi = 13.6 A. or 2.5 times
higher than it should be.. Harkins therefore con-
cluded "Adi is not the distance between layers in a

lamellar micelle, but the change in the inter-
micellar distance (di).”
In making the above calculations, however,

Harkins assumed that all the soap was in the form
of lamellar micelles and that all the oil was included
in these. If however the lamellar micelles exist,
in the Si-systems under investigation, in equilib-
rium with Si-micelles and if further the solu-
bilized oil is distributed between the two forms of
micelle no difficulty arises in the qualitative under-
standing of the results. The ratio of oil/soap would
be expected to be greater in the more lipophilic
lamellar micelle regions of the solution than in the
more hydrophilic spherical micelle regions. It
would thus be greater than in the solution as a
whole depending on the ratio of lamellar/spherical
micelle. With increasing proportion of lamellar
micelle, i.e., with increasing concentration of soap
one would expect r/Adi to approach unity (see
Part C (a) Effect of Concentration). This ex-
pectation is apparently substantiated by the
collected results recently published by W. Philip-
poff.8
(D) Further Considerations Concerning the
Significance of the I-Band

Harkins's rejectionl of the interpretation of the
I-band on the basis of the lamellar model was also
because he was unable to conceive a mechanism
for the control of the water spacings in conformity
with those calculated with this model. A qualita-
tive mechanism, on the basis of the intermicellar
equilibrium (Fig. 1), has already been suggested.

Brady® has shown how in a system of lamellar
micelles in equilibrium with other forms the water
spacing may be calculated from the experimentally
observed osmotic coefficient g. On the basis of
certain simplifying assumptions the positive ion
distribution between two infinite parallel negative
plates is calculated. The osmotic pressure in the
center of the region is then equated to the osmotic
pressure of this system as a whole and an expression
is derived for the water thickness which accords
satisfactorily with experiment. Greater difficulties
arise, however, when the theory is extended to
solutions containing inorganic; salt (cf. also above).

Objections to the interpretation of the I-band on
the basis of intermicelle distance have been given
by McBain and Hoffman.® Attention is drawn
in particular to the following points: (1) Changes
in the intensity of the long spacing diffraction
with the concentration and electron density of the
solubilized oil appear to give definite evidence of
the presence of lamella:' micelles in isotropic solu-
tions of potassium laurateZ and of cetyl pyri-
dinium bromide (ref. 26).

2) With the lamellar model only molecules
capable of agglomerating to form discs, i.e., linear
molecules can yield a long spacing diffraction,
whereas according to the interparticle spacing
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hypothesis all colloidal electrolytes should yield
this line. Studies of X-ray diffraction with a
number of compounds whose molecular geometry
seemed to preclude the existence of lamellar
micelles showed that with these no I-band was
produced.

3) On the basis of the
relative diameters of the first, second and third
order diffractions will be 1:2:3. On the other
hand with independent bimolecular leaflets a
hexagonal lattice would result giving different
relative diameters. All recorded observations on
isotropic, colloidal electrolytes show the relative
positions of the rings to be those expected from the
lamellar structure.

(E) X-Ray Diffraction by Aqueous Systems of
Non-ionic Detergents

McBain and Marsden@have presented some X-
ray measurements on solutions of non-ionic emulsi-
fiers which afford strong evidence for the existence
in these solutions of an intermicellar equilibrium
such as shown in Fig. 1.

The following results are especially significant
from this standpoint.

(@) a-n-Decyl Glyceryl Ether (m.p. 38°),
Water Systems.—This gives single phase liquid
crystalline systems between 62 and 100% concen-
tration in whater. Below 62% two phases in
equilibrium separate. One (probably %) is iso-
tropic, gives no long spacing and probably con-
sists mainly of water. The other phase (G) is
birefringent and gives a highly oriented X-ray
spacing which varies over the whole range of com-
position 62-100% in a manner which is consistent
with the view that the composition of the diffrac-
tive lamellar micelle is the same as that of the
system in bulk.

(b) Triton X-100, Water, Benzene Systems.—
Triton X-100 is the condensation product of di-
isobutyl phenol and ethylene oxide estimated to
contain an average of 9-10 ethylene oxide units
per molecule.

The tentative phase diagram (Fig. 5, ref. 20,
Fig. 9) gives vhe phase relationships found by
McBain with the phase nomenclature used in Fig. 1
inserted.

In the G-region the X-ray long spacings are

TRITON X-100

Fig. 5.—Phase diagram for the Triton X-100-water-
bensene system (after McBain20).
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highly oriented, the short spacings not oriented.
It is concluded from the variation in the I-spacings
with composition that, within this phase, the
compositions of the lamellar micelles corresponding
to the long spacings are identical with those of the
phase as a whole.

In the heterogeneous regions (shaded) which
contain both liquid crystalline and isotropic phases,
the two phases have different long spacings. In
every case the long spacing of the isotropic phase
is either equal to or greater than that of the co-
existing liquid crystalline phase. The long spacings
of the isotropic phases are not oriented and are
less sharply defined than those in the liquid crys-
talline region.

Triton X is miscible with water and probably
with benzene in all proportions. Neither solutions
(Si) of Triton X in water or in benzene (S give
long spacings. The addition of 1% of benzene to
the Si-solutions or of 10% of water to the S2 solu-
tions is necessary to produce the minimum amount
of lamellar structure required to give a long spacing.

The solubilization of benzene in the Si solutions
increases the long spacing very rapidly, much more
rapidly than can be accounted for on a model in
which all the Triton is in the form of lamellar
micelles in which the benzene is solubilized in the
hydrocarbon portion. (This model as mentioned
above adequately, represents the behavior in the
G-region.) The behavior is analogous to that
noted by Harkins for the solubilization of hydro-
carbons in (Si) soap solutions which has been dis-
cussed above (see part (c) (d) ii, Effect on I-band).

A similar type of behavior appears to occur on
solubilization of water in the S2solutions. This
would be expected if these solutions contain lamellar
and S2micelles in equilibrium, the argument being
the reverse of that already given for Si-solutions
containing lamellar and Si-micelles in equilibrium.

(F) X-Ray Measurements Involving S2 Phases

Most of the systems on which the X-ray results
have been considered in the foregoing pages have
been either in the Si- or G-condition. They would
therefore be expected to contain little of the 82-
micelle. Exceptions occur in the Triton X system
as indicated in Fig. 5. In the case of Triton X
(Fig. 5) the passage from Si into S2may be either
continuous or through the gel phase. The formal
distinction used between Si- and S2solutions is thus
whether they are of more {R< 1) or less (R>1)
hydrophilic character, respectively, than the gel
{R = 1) or than the composition corresponding
to the maximum stability of the lamellar micelle.

S2Solutions were also present at higher concen-
trations (>92%) in the hexanolamine oleate-
water systems investigated by Ross and McBain.2
In this system the whole sequence of phase changes

Si —~"Si+ G—
<30% 30-40%

G—>G+ S2— s-82
40-85% 85-92% > 92%

occurs with gradually increasing concentration.
It is interesting that for the gel system the ratio
[(water/soap) in lamellar micelle/(water/soap) in
total system] as deduced from the | spacings is

(32) .7.W. McBain and S. Ross, J. Am. Chevx. Soc., 68, 296 (1946).
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unity.3¢ It may readily be calculated that in the
51- region this ratio is less than unity and in the
52 region more than unity. This is exactly the
relation to be expected on the basis of an inter-
micellar equilibrium as in Fig. 1, the argument
being along the lines already given.

Small angle X-ray scattering measurements on
solutions of Aerosol OT in n-dodecane3 were held
to indicate the presence of S2micelles about equal
in radius to the OT molecule. Water expands
them up to at least twice their diameter.

X-Ray and light scattering investigations on a
series of mobile isotropic solutions (mostly S2
solutions) containing potassium oleate, water,
hydrocarbon and alkanol have been made by Schul-
mano and collaborators.#3% Very wide (up to
550 A.) spacings were calculated.

In several of the non-conducting S2solutions
(intermicellar equilibrium well in favor of S2
micelle) the spacings could be reasonably inter-
preted as being derived from the intermicellar
distance of a system consisting of “oleophilic
hydromicelles” (S2micelles) in which the oleate
and alkanol formed a mixed monolayer.

In the conducting systems the X-ray diffraction
effects were markedly weaker than with the non-
conducting systems. In two cases (both notably
containing a relatively high proportion of water

(33) R. W. Mattoon and M. B. Mathews, This Journat, 17, 496
(1949).

(34) J. H. Scliulman and D. P. Riley, J. Colloid Sci., 3, 383 (1948).
(35) J. H. Schulman and J. A. Friend, ibid., 4, 497 (1949).
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and low proportion of alkanol) the results indicated
systems composed mainly of spherical “hydrophilic
oleo micelles” (Si).

In the “oil continuous” systems of intermediate
conductivity the X-ray diffraction in two cases was
particularly weak. It seems likely that these
solutions were in the So-region but in its more
hydrophilic section close to the gel region. We
have also observed that such S2solutions show
marked conductivity, particularly when they
contain lower and cyclic alkanols.7 In these cases
it is probable that considerable concentrations of
G- and Si-micelle are in equilibrium with the S2
micelle. If this were so the diffuseness of the X-ray
diffraction would be readily understandable. Fur-
ther, since the structure of those systems is ex-
tremely sensitive to temperature (Winsor?, even a
small variation in temperature during irradiation
would also produce additional diffuseness.

From the foregoing examples the general con-
clusion to be reached from Schulman’s work seems
to be that, while in some cases his results are in
agreement with the micellar material existing
very largely as *“oleophilic hvdromicelles” (S2
or “hydrophilic oleomicelles” (Si), in most cases
other forms of micelle are also present. This con-
clusion is in agreement with the type of intermi-
cellar equilibrium suggested in Fig. 1
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By considering the variation in concentration with pH of water-soluble amines and their ions in agueous solution, it has
been shown that hydrophobic films on platinum are primarily due to the adsorption of free amine in the more alkaline regions
of the pH scale. In the less alkaline regions hydrophobicity is due to the adsorption of amine ion. The adsorption of amine
ion results in hydrophobic films exhibiting lower contact angles than do the films resulting from adsorption of free amine.
A similar situation exists in the case of water-soluble carboxylic acids, except that hydrophobic films in the more acid regions
are due to undissociated acid molecules, whereas in the more alkaline regions hydrophobicity is due to the adsorption of

carboxylate ions.
consideration.
hydrophobic species present.

In the quantitative treatment of the data both hydrophobic and hydrophilic species have been taken into
The maximum degree of hydrophobicity occurs at the same pH as does the maximum mole fraction of the
Other marked changes in the degree of hydrophobicity also occur in the same pH regions where
corresponding variations in the mole fraction of hydrophobic species are evident.

The effect of varying the concentration

and dissociation constant on the pH at which maximum hydrophobicity occurs have been computed and the results have

been generalized to any weak acid or base.

Introduction

Recent reports from this Laboratory have lieen
concerned with the aqueous adsorption of hydro-
phobic films of primary n-alkyl amines- and with a
variety of carboxylic acids3 on platinum foil.
Only a qualitative treatment has been given of the
effect of the nature of the polar group and concen-

(1) The opinions or assertions contained in this article are the
authors’ and are not to be construed as official or reflecting the views
of the Navy Department.

(2) E. G. Shafrin and W. A. Zisman. ./. Colloid Set., 4, 571 (1949).

(3) H. Il. Baker, E. G. Shafrinand W. A. Zisman, T his Jouknai . 56,
405 (1952).

tration of solute on the remarkable contact angle
vs. pH curves reported there. This report is con-
cerned with the dissociation equilibria of the hy-
drophobic molecules and ions present in such ex-
periments and the effect on the competitive adsorp-
tion of the ions and polar molecules caused by
varying pH, dissociation constant, and concentra-
tion. The adsorption equilibria will be considered
to involve only the dissolved agueous ions and am-
phipathic molecules. This is because solutions
more dilute than 10-2 to 10 3 moles/liter of the
compounds discussed here do not contain colloidal
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micelles according to past published work on criti-
cal micellar concentrations and their relation to
molecular weight and salt concentration.4-6
Adsorption of Amines.—The work of Shafrin
and Zisman2 on the adsorption of primary n-
alkyl amines on platinum from aqueous solution
has shown how the hydrophobicity of the resulting
films, as measured by contact angles, is dependent
on the pH of the solution. The results obtained for
n-octylamine, which was typical of the amines
studied, are shown in Fig. 1. Variation in pH was
obtained by the addition of potassium hydroxide or
hydrochloric acid. It will be observed that for the
higher concentrations the contact angle d has a
peak value at a pH of about 10. With increasing
pH (10-12) the value of # decreases sharply until
complete wetting occurs. With decreasing pH
(10-8) the value of d decreases rather sharply to an
inflection point designated asd plateau. In the pH
range of 8 through 5 the contact angle decreases
only slightly with decreasing pH. However, after
a pH of 5 is reached, 7 decreased sharply with de-
creasing pH. With decreasing concentration it is
seen that the width of the plateau or shoulder of the
curve becomes smaller. Also with decreasing con-
centration the peak value of &becomes smaller and
in general appears to occur at decreasing pH values.

Fig. 1.— Adsorption of re-octylamine on platinum from
aqueous solution, concentration (Co) in moles/liter: =,
5.18 X 10-4; ®, 2.07 X 10-4; O, 5.18 X 10-5; < 1.04 X
10-6; 0,7.80 X 10“6; wet, 2.34 X 10“6

Other investigators have also found that organic
amines adsorb from aqueous solution most effec-
tively in the more alkaline region of the pH scale on
such materials as activated charcoal7 and sphaler-
ite, chalcocite and galena ores.8-10

(4) M. L. Corrin and W. D. Harkins, J. Am. Chem. Soc., 69, 683
(1947).

(5) 11. B. Klevens, Chem. Revs., 47, 1 (1950).

(6) J. W. McBain, “Colloid Science,” 1). C. Heath Co., Boston,
1950, Chap. 17.

(7) A. Il. Andersen, Acia Pharmacol. Toxicol., 3, 199 (1947).

(8) A. M. Gaudin, Mining and Metallurgy, 10, 19 (1929).

(9) H. H. Kellogg and H. Vasquez-Rosas, Mining Technol., 9, 1
(1945).

(10) 1. W. Wark, “Principles of Flotation,” Australasian Inst. Min-
ing & Met., 1938.
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Consideration is needed of the concentrations of
the ions and molecular species present in the aque-
ous solutions from which adsorption occurred.
These are H+, OH-, K+, ClI- and B and BH+,
where the last two symbols refer to the amine mole-
cule and the amine ion derived from it. A calcula-
tion of the equilibrium concentrations of these ions
and molecules can be based on the mass action law
and the assumed dissociation equilibrium using
concentrations rather than activities since the solu-
tions are so dilute. The reaction assumed is

B+ HO = BH+ + OH- n

Letting the dissociation constant of the amine be
Kb, and the molar concentrations be Coh-, Cbh+
and Cb, and the concentration of the amine origi-
nally added to the water be CQ then

(Cbh+XCoh-) = Kb (2)
(0]
where
Cbh++ Cb = Co * ' (3)
and
(CH+) (Coh-) = 10-14 (4)

In these experiments Kb and Co were of the order of
magnitude of 10-4, hence we will assume Kb =

10-4 and CO = 10-4 mole/liter to simplify the
calculations. Since Kb varies from 10-3 to 10-4 for
nearly all aliphatic primary amines, this is a rea-
sonable assumption. Now since by using equation
(4) the concentration of hydroxyl ion is known for
any particular pH, it is possible to calculate the
corresponding concentrations of BH+ and B utiliz-
ing expressions (2) and (3). The concentrations

of K+ and CI- are easily calculable from the respec-
tive amounts of potassium hydroxide or hydrochlo-
ric acid necessary to produce a given pH in the
presence of the particular concentration of amine
added (CO.

If the hydrophobic behavior is assumed to be
solely dependent on the solution concentration of
free amine (Cb) and independent of the other spe-
cies present, and since to a first approximation the
amount adsorbed and hence the contact angle is di-
rectly proportional to some function of the concen-
tration, a plot of Cb, or for convenience log Cb ver-
sus pH should be comparable with respect to the lo-
cation of points of inflection with the experimental
plot of &vs. pH. Such a plot is shown in Fig. 2
where log Cb is the ordinate and the negative loga-
rithm of the hydrogen ion concentration (pH) is the
abscissa. It is seen that the concentration of free
amine is essentially constant over the pH range of
10 to 12, and consequently the contact angle &
could be expected to be fairly constant. However,
as seen in Fig. 1, & decreases sharply in this pH
range. Since in this pH region Cbh+ Cci- and
Ch+are negligible in comparison with Cb, Ck+and
Con- and since Cb remains constant while Ck4
and Coh- are increasing, it can be concluded that
either the K+ or OH- ion or both of these ions are
adsorbed in preference to the free amine (B). Thus
since adsorption of K+ or OH- ions would lead to
hydrophilic behavior, the contact angle would de-
crease in this region of the pH scale. The absence
of a plateau region in the plot of log Cb versus pH
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is also significant, for the data in Fig. 1 lead one to
conclude that the adsorbable species maintains a
more or less constant concentration over the pla-
teau segment of the curve. Since as shown in Fig.
2 the concentration of free amine is decreasing
rapidly over this portion of the curve, it is apparent
that one of the ion species in the system is adsorbing
to yield hydrophobic films. Further evidence for
such a belief is furnished through a consideration
from Figs. 1 and 2 of the actual concentration of
free amine at pH 8 (ca. 1 X 10~ and comparing
this with the concentration of free amine at which
complete wetting occurred (2.34 X 10~6). Thus if
the free amine (B) were the only species leading to
hydrophobic behavior, complete wetting should
have occurred around pH 8. Actually, as seen in
Fig. 1 a contact angle of approximately 46° was
evidenced at pH 8. Therefore, it is concluded that
the hydrophobic behavior in the pH range of 8 to 3
is due to the adsorption of some species other than
free amine.

Of the inorganic ions present (H+, K+, OH- and
Cl-) none would yield hydrophobic films when ad-
sorbed on platinum. Thus the only ion present
which could lead to hydrophobic film formation is
the amine (BH+) ion. Others also have reported
the adsorption of amine ions on films adsorbed at
the oil-water interface,11 on negatively charged
monomolecular films,12 on colloidal silver iodide,13
various minerals,810 and on steel in numerous
pickling inhibitors. 4

A plot of log con+ versus pH is also shown in
Fig. 2. By comparison of this curve with those of
Fig. 1 and using arguments analogous to those pre-
sented concerning the free amine, it can be shown
that the BH+ ion is not the only adsorbable species
leading to hydrophobic film formation nor is the ad-
sorption of BH+ ions independent of the concentra-
tions of the other species present. Thus it has
been shown that the hydrophobic films obtained
from aqueous solutions of amines at varying pH are
due to the adsorption of free amine (B) and amine
ion (BH+) and that the adsorption of these species
decreases as the concentration of hydrophilic spe-
cies increases.

The variation with pH of log z b, the logarithm
of the mole fraction of the amine (B), and of log
Z Bn+, the logarithm of the mole fraction of the
amine ion (BH+), are also shown in Fig. 2. Consid-
ering z b, it is significant that the maximum occurs
at a pH of approximately 10, about the same pH at
which the maximum contact angle occurs as seen in
Fig. 1. With increasing pH, the mole fraction of
B decreases rapidly. Contact angles also decreased
rapidly in this region. Thus, insofar as the position
of the maximum and the decrease from the maxi-
mum with an increase in pH, the plot of log z b ver-
sus pH agrees very well with the experimental re-
sults of Fig. 1. With decreasing pH, he., below 10,
log z b decreases rapidly without evidence of a

(11) W. A. Zisman, J. Chem. Phys., 9, 534 (1941).

(12) D. J. Crisp, Research (London) Suppl. Surface Chemistry, 05
(1949).

(13) s. Bodforss, Kgl. Fysiograf. S&Uskrap. Lund. Handl., No. 12, 52
(1943).

(14) C. A. Mann, B. E. Laucr and C. T. llulfcin, Tnd. Eng. Chem., 28,
159 (193G).
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Fig. 2.— The effect of pH on the concentration of free
amine (B) and amine ion (BH +),

assUMigf Cb + 0013+ = Gg 7 ICT" moles/liter
0,X = Cb; ® X = Cbh+

Cb

*'X = Cb + Cbh++ Ch++ Coh- + Ck++ Ccr = Xb'
by cIMI ~ Ly o+

' Cb + Cobh++ Ch++ Coh- + Ck+ + Cci- BH *

plateau region in the pH range of 8 through 5.
This is contrary to the experimental results of Fig.
1, but since in this pH range it has already shown
that the other hydrophobic species, the BH+ ion,
must be the significant species leading to hydro-
phobic behavior, and since the concentration of
free amine (B) is negligible compared to that of
amine ion (BH+), we will now consider the plot of
log Z bh+versus pH. This curve (Fig. 2) agrees
well with Fig. 1 in that it possesses a plateau over
the pH range of 8 through 5 while in the pH
range of 5 to 2, it decreases rapidly with de-
creasing pH.

At this point it is worth mentioning that since
the relationships derived have been purely quali-
tative in nature, the inference is not justifiable
that equal mole fractions of the hydrophobic ion
(BH+), where Cb is negligible, and of the hydro-
phobic amine molecule (B), where Cbh+ is negli-
gible, would yield equal contact angles. To illus-
trate this factor, observed contact angles were taken
from the data of Fig. 1at pH values where Z bh+is
equal to Z bin Fig. 2. As seen in Fig. 2, Z bh+at a
pH of 3isequal to Z b ar a pH of 11. These points
areshown as a' and b' in Fig. 2. Observed contact
angles at pH 3 and pH 11 are shown as points a and
b in Fig. 1. These values are 28 and 63°, respec-
tively. Thus it is seen that under the conditions
of the experiment, the adsorption of free amine (B)
to the platinum surface results in a much greater de-
gree of hydrophobicity vhan the adsorption of am-
ine ion (BH+). Since the ion (BH+) differs from
the molecule (B) only ir. that it possesses one more
hydrogen atom and a positive charge, one is
tempted to conclude that a more closely packed
film results upon adsorption of free amine than
from the adsorption of the amine ion. This ap-
pears reasonable since the repulsive forces between
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positively charged (BH+) ions would be expected
to lead to a more loosely packed film structure.

Since the free amine (B) and the amine ion (BH+)
are both capable of hydrophobic film formation, the
total mole fraction X b+bh+ of hydrophobic spe-
cies is the subject of interest, and evidently
Abt+bh+ = Ab + Albh+ =

Cb +C'bh+
*CB+ CBH+ Ch+t+ Con- + CK++ cr W

The plot of log X b+bh+versus pH is shown in Fig.
3 for an amine (Kb = 10-4 and CO= 10-4 moles/
liter). It will be noted that this quantity reaches
a maximum value at a pH of about 10, the same pH
at which X b reaches a maximum in Fig. 2, and ap-
proximately the same pH where &has a peak value
in Fig. 1. Since it has already been shown that
adsorption of free amine results in films exhibiting
higher contact angles than films arising from BH +
ion, it is significant that the maximum mole fraction
of free amine (B) occurs at about pH 10. Figure 3
is also qualitatively comparable with Fig. 1 for the
two curves plotted for higher concentrations of
amine than CO = 10~4 i.e., the location of maxi-
mum, the plateau region and the regions of numer-
ically large slope. Clearly the mole fraction of hy-
drophobic species X b+bh+is one of the most sig-
nificant quantities we can calculate for interpreting
such adsorption experiments.

jCb + Cbh+= Co
1 - Kb

Here Xb + Xbh+ =
Cb + Cbh+

Cb + Cbh+ + Ch+ + Coh- + Ck+ + Cor =

10 4moles/liter
104

X b+bh+

Effect of Varying Concentration and Dissocia-
tion Constant of Amine.— It is interesting to deter-
mine the effect of variation in concentration
(Co) on the position of maximum, width of the plat-
eau segment, etc. The calculations were carried
out utilizing expressions (2), (3) and (4) for an am-
ine (Kb = 10~6) at values of COof 10-1, 10-2, 10“s,
10~5and 10-7 mole/liter. A plot of log X b+bh+
versus pH for each concentration is shown in Fig. 4.
With decreasing concentration, the maximum mole
fraction of hydrophobic species becomes smaller
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and also the maximum occurs at decreasing pH
values. It is also evident that the breadth of the
plateau segment of the curve becomes smaller
with decreasing concentration. Thus, the effect
of concentration on the mole fraction of hydropho-
bic species is in agreement with the effect of concen-
tration on the contact angle data shown in Fig. 1.

pH.

Fig. 4.— The effect of concentration on the relation of
Xb+bh+ to pH for an amine (Xb = 10-~6), concentration
(Co) in moles/liter: O, 10_1; ©, 10-2; =, 10-3; ®, 10-~6;
®, 10-d

The effect on the log X b+bh+ vs. pH curves of
varying the dissociation constant (Xb) of the amine
is shown in Fig. 5 for a concentration (CQ of 10-3
mole/liter. With increasing values of the dissoci-
ation constant (increasing basicity of the amine),
it is apparent that the maximum mole fraction of
hydrophobic species decreases and occurs at in-
creasing pH values. It is also seen that the width
of the plateau segment of the curve increases with
increasing values of Kb. Hence a very basic amine

Fig. 5.— The effect of varying the dissociation constant
(Xb) on the Xb+bh+ vs. pH curves for an amine (Co =
10~3moles/liter): O, Xb = 10”"»; ® Kb = 1076, ®, X b =
10"5 ©, Xb = 10“4 <, Xb = 10“2-
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(Kb ~ 102 will exhibit a nearly flat-topped curve
of # vs. pH over nearly the entire range of pH. For a
very weak base such as aniline (Kb = 4.6 X 10 _1°),
it is evident that the mole fraction of hydrophobic
species existing over the plateau region of the curve
is essentially the same as the maximum mole frac-
tion of hydrophobic species. It will subsequently
be shown that this type of behavior could be pre-
dicted for a very slightly dissociated or undissoci-
ated hydrophobic compound.

Adsorption of Carboxylic Acids.—Recent re-
search by Baker, Shafrin and Zisman3on the ad-
sorption of water-soluble carboxylic acids on
platinum has yielded analogous results to those
just discussed for the n-alkyl amines. The results
obtained for cyclohexylcarboxylic acid are shown
in Fig. 6. The location of the points of inflection on
this curve can be derived by the same method of cal-
culation just used for the amines. The dissociation
equilibrium involved is

HA = H+ + A- (6)
where

gl 4 ™
and

CV + Ca- = Co (8)

Using exactly the same procedure as that pre-
viously described for an amine, it can be shown that
both free acid (HA) and acid ion (A-) are capable of
adsorbing to a platinum surface to yield films exhib-
iting hydrophobic behavior. A plot of the loga-
rithm of X ha+a-, the total mole fraction of hydro-
phobic species, shows the essential features of Fig. 6

including a maximum at pH 4. Here
Ahata~ = Aha+ Aa~ =
Cha + Ca-~
Cha + Ca— b Ch+ + con— |} Ck++ Ccr

However our initial assumption that the degree of
hydrophobicity is proportional to X ha+a- leads
to the implication that all ions and molecules are
competing on an equal basis. As 'with the amines
this is not true, and it is evident that our initial
assumption could only lead to an approximate pre-
diction of points of inflection and pH regions where
the slope is large in magnitude. Nevertheless, the
mole fraction of hydrophobic species is a valuable
guantity in interpreting the adsorption experiments.
It is interesting that the results of other investiga-
tors on the adsorption of carboxylic acids from aque-
ous solution have reported a maximum adsorption
in the acid pH region for activated charcoal. 86

Calculations of log Aha+ A- were made and
plotted against pH for an acid having a dissofciation
constant Ka = ICR6 assuming a concentration Co
of 10_1, 10-2, 1(R3 10-6 and ICR7 mole/liter.
With decreasing concentration, the maximum
mole fraction of hydrophobic species becomes
smaller and occurs at increasing pH values. The
plateau segment as in the case of the amines con-
tracts with decreasing concentration. These re-
sults on the effects of decreasing the concentration
agree well with the contact angle vs. pH curves of
Fig. 6.

(15) G, Hesse and O. Sauter, Natunvissenschaften, 34, 251 (194.7).

(16) J. J. Kipling, J. Chem. S o ¢ 1483 (1948).
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Fig. 6.— Adsorption of cyclohexyl carboxylic acid on
platinum from aqueous solution, concentration (do) moles/
liter: O, 1.5 X 1(R2 ©, 1.5 X 1(R3 =, 1.5 X 10W wets,
15 X 1(RS

In Fig. 7 is shown the effect of varying the dis-
sociation constant (K& of the carboxylic acid
while maintaining a concentration (CQ of 10 s
mole/liter. With increasing Ka the maximum
value of x na+ a- decreases and the pH at which the
maximum occurs decreases. The breadth of the
plateau segment of the curve increases with in-
creasing values of Ka Hence for the stronger
acids (Ka ~ 10-2), the maximum practically has
disappeared.

Fig. 7.— The effect of varying the dissociation constant

on the Aha + a- vs. pH curves for a carboxylic acid
(Co = 1(R3 moles/liter): O, Ka= 1040 ®, Aa = HRE
®, = 10W ©,A» = IOR =, = HR2

Extension to Organic Bases, Acids and Non-
ionized Compounds.—Although the arguments
presented have been concerned with amines and
carboxylic acids, they apply equally well to any
organic base or acid for which the law of mass
action holds over the concentration range of 10~6
to 10~2 mole/liter. It also can be extended to
non-ionized molecules by either of two ways:
(@) by considering the limiting case where either
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Ka = 0or Ky —0, or (b) by calculating the mole
fraction of the hydrophobic species for a system
consisting of undissociated molecules and the H +
ions, Cl- ions Iv+ ions and OHA ions which are
necessary to adjust the pH to each value of in-
terest. Case (@) has already been covered in Fig. 5
by noting the envelope of maxima of the curves
shown as Kb progressively decreased from 10~2
to 10~10 A similar treatment with acids produces
the same envelope in Fig. 7 as Ka s varied from
10~2to 10-10. It is interesting to work out case
(b), and the calculations lead to the same con-
clusions as by method (a). Hence, it is concluded
that for the highest concentration of hydrophobic
material, the mole fraction of non-ionizable hydro-
phobic species Au is essentially constant over a
wide range of the pH scale and only commences
to decrease significantly from this constant value
in the very acid and very alkaline regions. With
decreasing concentration of hydrophobic com-
pound, X\j remains constant over a shortening
range of pH values. A dilute aqueous solution
of a non-ionized hydrophobic compound, therefore,
would be expected to manifest the greatest hydro-
phobicity at pH 7.

A simpler method for visualizing both the effect
of dissociation constant and concentration on the
contact angle vs. pH curves is shown in Fig. 8.
There the logarithm of the dissociation constant
(pK) is plotted as ordinate and the abscissa is the

A5 AINS

Fig. 8.— The effect of dissociation constant (K) and con-
centration on the pH for peak hydrophobic adsorption on
platinum of an amine or an acid, concentration (Co) moles/

liter: 0,10-«; e, 10~6;, ®, 10“4;, ©, 10“3; =, 10“2
pH of the peak of the curve of the mole fraction of
the hydrophobic species vs. pH. Curves for con-

centrations (Co) of either acid or base of 10~2
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10-3, 10-4, 10-5 and 10-6 mole/liter are plotted.
This is a useful summary of the effect of both con-
centration and dissociation constant on the contact
angle vs. pH curves. It is evident from Fig. 8
that water-soluble organic acids and organic
bases are always distinguished by the fact that the
peak of the &vs. pH curve occurs below pH 7 for
acids and above pH 7 for bases.

Discussion

Throughout these calculations it has been as-
sumed that the physical condition and chemical
nature of the adsorbing solid surface was not
affected by the changes of pH and of concentrations
of molecules or ions present. This was entirely
reasonable as far as platinum foil was concerned.
As the results are entirely concerned with physical
adsorption, they should apply equally well to other
unreactive metals like gold, silver, nickel, molyb-
denum, chromium and stainless steel, and even to
many non-metallic and unreactive solids.

One of the striking features of all the graphs of
contact angle vs. pH or of mole fraction of hydro-
phobic species (A) vs. pH, is the rapid drop of d
(or log A) -with rising pH around pH 11 to pH 12
due to the increasing competitive adsorption of
hydrophilic hydroxyl ions. It is worthy of note
that the same effect occurs widely in the mining
technology of froth flotation where it is commonly
described as the “flotation depressant action”

of alkalies. D The equally striking rapid decrease
in d as the pH decreases below 3 is due to the
preferential adsorption on platinum of the hy-
drophilic hydrogen ion. Where more ionizable
metals than platinum (those above hydrogen in
the electrochemical series of elements) are stud-
ied, it is evident that affairs cannot be so simply
described because they become complicated by
the evolution of hydrogen gas or by other chem-
ical changes.

The conclusions reached here should be of
interest in connection with research on (a) the
inhibition of corrosion by organic type com-
pounds, (b) electrode phenomena in the field of
electrochemistry and (c) wear prevention in
aqueous lubricants, for they make more under-
standable the role played by physical adsorp-
tion and the effect of the competition between
the hydrophobic and hydrophilic ions and mole-
cules. Where the surface chemical reaction oc-
curs slowly or after a series of preliminary steps,
the entire process cannot be understood without
proper recognition being given to the initiating
physical adsorption mechanism and the variables
influencing it.

Acknowledgments.—The authors wish to ex-
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operation of Elaine G. Shafrin and H. R. Baker.
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The adsorption technique reported previously has been successfully extended to the study of monolayers physically ad-
sorbed onto platinum from aqueous solutions of a variety of types of mono- and dicarboxylie acids. The effects have been
investigated of varying the molal concentration of organic acid over a 10,000-fold range. The condition for maximum ad-
sorption, as evidenced by peak hydrophobic behavior (0B, has been found to lie between pH 4 and 6. Both the shape of the
6vs. pH curve and the positions of the points of inflection were in good agreement with the results predicted by the theoretical
treatment of Merker and ZismanZ2; it was therefore concluded that the pH effects observed were due primarily to the com-
petitive adsorption between the molecular and ionic species in solution rather than to micelle formation or association.
Progressive increases in solute concentration for a given acid have been found to result in the asymptotic approach of OPto
a characteristic, limiting value, 0iim

A new and convenient “thermal-gradient method” using the pure, molten compound has been found by which adsorbed,
close-packed monolayers can be prepared and isolated on metal in the absence of solvent. It is more general than the oleo-
phobic methods described in previous reports, since it has been found applicable to all amphipathic compounds tried, whether
straight-chain, branched or cyclic. The equivalence of the contact angle (Oneit) obtained from films made from the molten
polar compounds with that (Onm) of the films adsorbed from aqueous and non-aqueous solutions has been demonstrated.

The way in which the contact angle characteristic of each polar compound (Oiimor Omeu) varies with the nature of the acid
and with homology has been studied and a correlation of the results with molecular orientation, structure and packing has

been attempted.

A previous study of hydrophobic monomolecular
films of primary n-alkyl amines adsorbed on plati-
num and isolated from aqueous solution3 had es-
tablished an effective technique for investigating
physically adsorbed monolayers of compounds
which are not capable of forming oleophobic films.46
In that study, the critical concentrations for hydro-
phobic film formation and the degree of wettability
of hydrophobic films of the alkylamines were re-
ported as functions of the alkyl chain length, the
amine concentration, and the pH of the aqueous
solution. This report is concerned with the exten-
sion of the same methods to the adsorption from
aqueous solution of various carboxylic acids, in-
cluding representative monocarboxylic acids of the
n-alkyl, cyclo-alkyl, and arvl-alkyl types, some
homologous a,u-dicarboxylic acids, and a group of
alkyl-substituted succinic acids.

Experimental

The experimental procedure employed was essentially
that, described previously.3 The films were always ad-
sorbed, isolated and measured at 20.0 + 0.1°. The films
were adsorbed upon freshly flamed dippers of carefully se-
lected, scratch-free, commercial platinum foil, as in earlier
studies. Contact of the adsorbing surfaces with the aqueous
solutions of organic acids was limited to an immersion period
of 30 seconds.

The solutions used in the adsorption measurements were
made as in our earlier paper.3 The organic acids employed
represented, with the exception of those mentioned in the
Acknowledgments, compounds of the highest purity avail-
able commercially; the majority of these materials were
subjected to further purification by repeated recrystalliza-
tion from appropriate solvents. The melting points of the
compounds as used have been listed in the second column
of Table I. The n-alkylamines were the same compounds
used in previous work.45

(1) Presented at the Symposium on Surface Chemistry in Corrosion
which was held under the auspices of the Division of Colloid Chemistry
of the American Chemical Society at the 119th National Meeting
(Divided) at Cleveland, Ohio, April9, 1951. The opinions or assertions
contained in this paper are the authors’ and are not to be construed
as official or reflecting the views of the Navy Department.

(2) R. L. Merker and W. A. Zisman, T his Journal, 66, 399 (1952).

(3) E. G. Shafrin and W. A. Zisman, J. Colloid Sci., 4, 571 (1949).

(4) W. C. Bigelow, E. Glass and W. A. Zisman, ibid., 2, 563 (1947).

(5) W. C. Bigelow, D. L. Pickett and W. A. Zisman, ibid., 1, 513
(1946).

Table |

Hydrophobic Contact Angles“ For Monolayers of

Carboxylic Acids Adsorbed on Platinum

Films prepared
from molten

Films compound by
prepared thermal gradient
from method
aqueous
i solution,  Receding Advanc-
Acid N& M.p., °C. im drop  ing drop
n-Alkyl monoacids
Caproic 6 52° 49° 53¢
Caprylic 8 16 62 59 64
Capric 10 315 70 (9] 70
Laurie 2 4243 76 71 75
Myristic 14 52-53 75 78
Palmitic 16 61-62 79 83
Stearic 18  68-69.5 81 8
Behenic 2 80.0-80.3 89 96
Cycloalkyl monoacids
Cyclohexyl-
carboxylic 7 29.5-30.5 53 44 52
Cyclohexylacetic 8 285 65 76
Cyclohexyl-
propionic 9 15.0 64 6 76
Cyclohexylbutyric 10 29 64 74
Cyelohexyleaproic 2 s32 ($9) 64 75
Aromatic monoacids
Benzoic 7 123-125 53 46 48
Phenylbutyric 10 49-50 45 49
a,ici-Alkane dicarboxylic acids
Succinic 4 185-186 29 24 26
Adipic 6 151 40 35 40
Sebacic 10 129 54 52 56
Dodecanedioic 12 125126 62 65
Tetradecanedioic 14 124.5-125.5 72 76
n-Alkyl succinic acids
Octylsuccinic 12 sgs-89 71 69 73
Decylsuccinic 14  92.5-95 72 71 76
Octadecylsuccinic 2 104-106 7 72 79

“ Contact angle measurements made at 20.0 + 0.1°

bN = Total number of carbon atoms per molecule.

Measurements of the hydrophobic contact angle (0) on
films isolated from aqueous solutions were made, as before,
with drops of the generating solutions at the same concen-
tration and pH at which the individual films were formed.
Since conditions of solution equilibrium obtained, dissolu-
tion of the film into the superjacent drop was avoided.
Changes in pH were effected by the dropwise addition of
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Fig. 1.— Effect o' pH on hydrophobicity of n-alkvl monocarboxylic acids:

¢, n-c.apric acid (Cio);

aqueous HC1 or KOH to the acid solution with continuous
stirring. The presence of electrolytes is known to influence
markedly the adsorption of hydrophobic films on minerals,6
the critical concentration for micelle formation in aqueous
soap solutions,7 and the surface tension of solutions.8 Pre-
cautions were therefore observed to keep the concentration

(6) 1. W. Wark, “Principles of Flotation,” Australasian Institute of
Mining and Metallurgy, Melbourne, Australia, 1938.

(7) F. A. Long, G. C. Nutting and W. D. Harkins, J. Am. Chem.
Soc., 59, 2197 (1937).

(8) J. Powney, Trans. Faraday Soc., 31 1510 (1935).
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a, w-caproic acid (Ce):
d, w-lauric acid (C12).

b, n-caprylic acid (C*);

of added electrolytes as low as possible, consistent with the
adjustment of the pH. For the more soluble compounds
and for low concentrations, the pH response was investi-
gated for two separate portions of the solution, to one of
which was added HC1 only and to the other KOH only.
For the more insoluble acids the initial addition of KOH
was sometimes required to facilitate the dissolving at higher
concentrations; in such cases it was impossible to avoid the
presence of neutral salts. Periodic checks to determine the
effect of excess electrolytes on the reproducibility of the 6
vs. pH curves, with one exception, revealed no significant
differences. Attempts to retrace the acidic portion of a
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curve for benzoic acid solution from pH 2 to its peak, in the
presence of an unavoidably high concentration of HC1, were
only partially successful. Although the general shape of
the curve was repeatable, subsequent values of the peak
angle (OP) were never as high as the original value. The
curve was more nearly reproducible when approached from
the alkaline direction despite the presence of excess KOH.

Measurements of hydrophobic contact angles on films
isolated directly from melts of pure compounds necessitated
the use of distilled water, thus unavoidably increasing the
probability that films of the more soluble organic compounds
dissolved into the test drops. Because of the experimental
difficulties involved in transferring a drop of water onto a
highly hydrophobic surface, it was frequently difficult to
ensure the initial existence of an advancing contact angle.
The introduction of additional liquid into a drop already in
contact with the monolayer was found to increase the con-
tact angle from a somewhat low initial value to a reproduc-
ible, limiting, maximum value equivalent to the advancing
contact angle.

Monocarboxylic Acids.—The change in contact
angle (0) with pH for each of several concentra-
tions (IF) of four n-alkyl monocarboxylic acids
in aqueous solution is shown (Figs. la,b,c,d) for
caproic (Cs), caprylic (C8, capric (CiQ and lauric
acids (C1). At least four different concentrations,
representing a 10,000-fold increase in solute, were
investigated over a pH range of 2 to 13 at intervals
of 0.5- to 1.0 pH unit. Each curve is the locus of
points obtained from solutions having the same
concentration.

The families of curves for the four acids followed
the same general pattern: The individual curves
rose sharply from some low value between pH 2 and
3 to a peak value (0P in the region pH 3-6, then
slowly declined (revealing an occasional secondary,
plateau-like feature) until they intersected the 0 —
0° axis between pH 8 and 12. The extreme insolu-
bility of lauric acid precluded the completion of the
low pH portion of the high-con'centration curves;
the presence of precipitate or solution cloudiness
has been indicated by dashed lines over the appro-
priate pH range. The curves for successively less
concentrated solutions of a given acid covered a
smaller span of pH values, extended less into the
alkaline pH range, and exhibited lower peak con-
tact angles. Eventually a concentration was
reached so dilute that no signs of hydrophobic film
formation were obtained at any pH within the
allotted, 30-second immersion period. The exist-
ence of a critical minimum concentration (IFo) nec-
essary for formation of a solution repellent film had
been established in previous studies,35 where TFO
had been shown to be a measure of the total number
of molecules available to an adsorbing surface
within a given period of time, and thus to be a func-
tion of such experimental conditions as concentra-
tion, volume and rate of stirring of the solution.

A plot of OPas a function of W for each of these
acids (Fig. 2) shows an initial, sharp rise for con-
centrations just above WQ, followed by an asympto-
tic approach (indicated by dashed lines) to some
limiting angle (Oun). The regularity of the change
in Oiimin the homologous series of acids is evident
in the third column of Table I. Proof that Oumis
characteristic of the composition of the monolayer
and independent of the method of film formation
(providing maximum adsorption occurs) is afforded
by a comparison of Oum with the values listed for
the angles exhibited by drops of distilled water in
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contact with the corresponding monolayers ad-
sorbed from the molten, pure compound by the
thermal-gradient method described later. Values
of Omeu (advancing) have been indicated by bars at
the extreme right of Fig. 2. There is good agree-
ment between the several values despite the limita-
tions imposed by the diverse experimental tech-
niques. Since the molecular interstices of a film
isolated from aqueous solution must be saturated
with water,9 Oumis the same as a receding contact
angle. In determining omeit, however, both reced-
ing and advancing contact angle measurements are
possible. The duplication of omeit for the more sol-
uble homologs under conditions corresponding
to receding contact angles is complicated by the
lack of solution equilibrium between the films and
the test drops. This tendency toward dissolution
is eliminated in determining Giim since test drops of
the generating solution are available.

a

Fig. 2.— Correlation of peak contact angle (0P) with
concentration for ?i-alkyl monocarboxylic acids.

The 0 vs. pH curves for cyclohexylcarboxylic
(C?, cyclohexylpropionic (C9 and cyclohexylcap-
roic (C1) acids adsorbed from aqueous solution are
essentially identical with those shown in Fig. 1;
differences occur only in the concentrations investi-
gated and in the relatiim hydrophobicity (he!, the
magnitude of 0) of the acid films. The limited solu-
bility of cyclohexylcaproic acid in water prevented
completion of the curves for the higher concentra-
tions since extensive precipitation occurred before
OP could be determined. An indication that the
highest value of OP obtainable experimentally (63°)
approximated Onmlay in the value of 64° observed
for Oneit under conditions leading to a receding con-
tact angle. The results obtained with benzoic acid,
including the behavior to changes in pH and con-
centration as well as the value of Oi;m were nearly
the same as those obtained for the corresponding
saturated cyclic acid.

In the plot of OPvs. W for the four cyclic acids
(Fig. 3), the asymptotic approach to Onmis indicated
by a dashed line and the appropriate value of Orreit
by a bar at the right of the figure.

Dicarboxylic Acids.—The general behavior of
the graph of 0 vs. pH for three homologous a,co-di-
carboxylicacids (succinic (C4,adipic (Ce)and sebacic
(C1 acids) is similar to that previously observed

) H. R. Baker and W, A. Zisman, Ind. Eng. Chem., 40, 2338

(1948).
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Fig. 3.— Correlation of peak contact angle (OP) with concen-
tration for cyclic monocarboxylic acids.

for the monocarboxylic acids. A summary of the
6Pvs. W data for these compounds is to be found in
Fig. 4.

Fig. 4.— Correlation of peak contact angle (OP) with concen-
tration for aralky|l dicarboxylic acids.

The 6 vs. pH curves for decylsuccinic (Ci4 and
octadecylsuccinic (C2) acids were similar to those
shown in Fig. 1 over the alkaline region in which
they were determinable; the acidic side of the
curves could not be obtained owing to the extreme
insolubility of these compounds. Indeed, the addi-
tion of ethyl alcohol was required for all pH values
below 7.8 inforder tojdetermine 6P for the most
concentrated solution™'of octadecylsuccinic acid.
In the complete curves obtainable for the more
soluble octylsuecinic acid (CA) a reproducible,
well-developed "shoulder” occurred on the acidic
side of the peak.

Fig. 5.— Correlation of peak contact angle (OP) with concen-
tration for alkylsuccinic acids.
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Thermal-Gradient Method.—Previous success
in isolating adsorbed monolayers by withdrawing
the platinum dipper from a pool of the molten
polar compound4 had been limited to those essen-
tially paraffinic or unbranched types of compounds
meeting the requirements of structure and orienta-
tion developed earlier6 for formation of oleophobic
films. It became possible, by this “isothermal
method,” to prepare monolayers of those lower ser-
ies members which were not sufficiently oleophobic
to permit their isolation from oil solution. This
method was not effective, however, in isolating
monolayers of highly-branched or cyclic com-
pounds; even for straight-chain compounds, its
effectiveness in preparing monolayers completely
free of residual bulk compound was limited by the
working range of temperature between the melting
point of the compound and the temperature, r, at
which the monolayer became wetted by the melt.

The need for a method of preparing monolayers
of any type compound in the absence of solvent led
to much experimenting with ways other than the
isothermal method of separating films from the
melt. The result was the *“thermal-gradient
method.” A small amount of pure compound was
placed on a piece of platinum foil held with its
plane slightly inclined from the horizontal. After
the uppermost edge of the platinum was gently
heated, the organic material melted and wet the
metal surface. As the heating continued, the
molten liquid suddenly receded to the lower, cooler
edge of the platinum, exposing a dry area in a band
immediately adjacent to the liquid. This occurred
at a temperature slightly below that required for
visible vaporization of the organic compound from
the hot, upper edge of the foil. If the foil was
cooled to room temperature (20°) while still tilted,
the organic material remained at the lower edge
where it either solidified or, if liquid, drained off
upon contact with filter paper. Hydrophobic
contact angle measurements taken at various posi-
tions over the surface of the foil were large and re-
producible only over the “dry band” immediately
adjacent to the bulk material. Lower and erratic
contact angles were observed near the uppermost
edge of the foil where the higher temperature may
well have led to the vaporization of some of the or-
ganic film.

Proof that this thermal-gradient method gives
rise to monolayers in the “dry band” identical with
those prepared by earlier methods is afforded by a
comparison (Table I1) of the hydrophobic contact
angles observed on monolayers of several n-alkyl
pri-amines isolated from the melt by the isothermal
and thermal-gradient methods with those obtained
on monolayers adsorbed from dilute solution in ce-
tane or water. The agreement between the several
values is good, considering the experimental limita-
tions. These include the impossibility of obtaining
true advancing angles on films isolated from aque-
ous solution and the inability to duplicate condi-
tions of solution equilibrium for films obtained from
the melt. For those longer chain compounds for
which solubility effects become negligible, the di-
rect comparison of the values listed for the receding
contact angles is warranted. '
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Tabte Il

Comparison of Hydrophobic Films of Amines

RIs prepared from—

Molten compound Cetane soin. Water soln.
By thermal- By isothermal by oleophobic by hydrophobic
n-Alkyl gradient method? method b method?» method
amine Na Advancing Receding Advancing Receding Advaneing Receding 0lim
Butylamine 55° 48° 55° 51° 52°°
Octvlamine 8 81 67 74 69 733 68° 69°
Dodecylamine 12 90 83 89 83 89 83 85°
Tetradecylamine 14 91 84 92 87 90 86 86°
Hexadecylamine 16 96 87 96 89 96 89 8o
Octadecjdamine 18 102 89 102 91 101 90 oo
aN — total number of carbon atoms per molecule. bMeasurements were made at temperature 20.0 *0.1 °. < Meas-
urements were made at temperature 25 +1°. These data were reproduced from Table Il in reference 3.

Because of the difficulty encountered in contact-
ing drops of water to highly hydrophobic surfaces,
the method of increasing the size of the drop was
employed to ensure development of advancing an-
gles. Since this precaution was not taken in the
previous study of amine monolayers,3 the contact
angles reported earlier for water on amine films
need not correspond to advancing angles, as do the
values listed in Table Il; the divergence is greater
for the longer chain, more hydrophobic homologs.
A similar qualification is believed applicable to the
other contact angle values reported for water on
highly hydrophobic monolayers.45

Possible mechanisms for the thermal-gradient
method may involve one or more of the following
factors: (a) the preferential evaporation of all the
organic molecules except those strongly adherent
ones adsorbed in direct contact with the metal sur-
face; (b) a gravitational diffusion of all molecules
except those anchored in the monolayer, involving,
perhaps, the ease of slippage of the molecules in the
liguid with respect to the external plane presented
by the oriented array of adsorbed molecules; and
(c) the existence of a relatively narrow range of
temperatures over which the oleophobic property
of the liquid and the adsorbed film can become op-
erative. Definitive experiments are in progress to
determine the actual mechanism.

By the use of the thermal-gradient method, mono-
layers have been obtained from the melt for every
acid of interest in the present study. Data for the
hydrophobic contact angles (Oneit) have been listed
in Table | for comparison with the values of Oiimob-
tained for films from aqueous solution. The maxi-
mum hydrophobicity obtainable from an adsorbed
close-packed monolayer can evidently be measured
quickly by the thermal-gradient method, eliminat-
ing the more laborious evaluation of Giimbased on
6Pvs. W data. Moreover, this method of film prepa-
ration makes possible the measurement of advanc-
ing angles, whereas receding angles only are obtain-
able for films adsorbed from aqueous solution. In
addition, a fuller correlation of hydrophobicity with
chain length and acid type becomes possible since
there is no longer any restriction to the lower, more
water-soluble members of the series. Thus, for the
n-alkyl monocarboxylic acids, for which Ormdata are
available only for the homologs up to N 12, it
has been possible, by this new method, to obtain
monolayers and to measure the effect of chain length
on hydrophobicity for the series through N 22
(curve A, Fig. 6a).

Table 111

Comparison of Experimental Curves of dneit rs. N for

Several Homologous Series

Slope
Homologous (degrees/carbon 0for N =
series increment) 10
n-Alkyl pri-amines 2.0° 80°
n-Alkyl monoacids 2.2 70
Cycloalkyl monoacids 0 75
Aryl-alkyl monoacids 0 49
a,a-Alkane dicarboxylic acids 4.9 56
n-Alkyl succinic acids 0.5 73

In Figs. 6a and 6b are presented data showing the
effect on Oneit of the length of the alkyl chain.
Within each series the data for all but an occasional
lowest homolog are well represented by a straight
line. Changes in the hydrocarbon portion of the
molecule or in the number and type of functional
groups in going from one homologous series to an-
other are reflected in the slopes and positions of the
lines. These slopes are listed in Table I11; the
relative positions of the lines have been indicated
by listing the arbitrarily chosen intercepts of the
lines with the ordinate N 10. The implications
of these data will be mere fully developed in the
next section.

Discussion

Numerous investigators have described the ef-
fects of pH variation on the surface-chemical prop-
erties of aqueous solutions of the carboxylic acids
and their salts. These include effects on surface
and interfacial tension, 7810 n' 2 detergency, 13 flota-
tion of minerals,6 ¥4 and stability of foams.18%
In most cases the variations observed were attri-
buted to the relative proportions, solubilities and
surface activities of the carboxylic acid anions, the
hydrolytic free acid, the undissociated soap mole-
cules, the acid-soaps, and the colloidal micelles or
other aggregates. In general, maximum surface
activity was obtained at those pH values which cor-
responded to partial or complete hydrolysis of the
soap, indicating the molecular form of the acid to be

(10) L. Chromy, Roczniki Chem., 18, 434 (1938).

(11) H. L. Cupples, Ind. Eng. Chem., 29, 924 (1937).

(12) J. K. Davis and F. E. Bartell, This Journal, 47, 40 (1943).

(13) W. W. Niven, Jr., “Fundamentals of Detergency,” Reinhold
Publishing Corp., New York, N. Y., 1950. /

(14) 11. H. Kellogg and H. Vasquez-Rosas, Mining Technology, 9, 1
(1945).

(15) C. L. Baker, Ind. Eng. Chem., 23, 1025 (1931).

(16) G. D. Miles and J. Ross, This Journal, 48, 280 (1944).
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Fig. 6.— Effect of chain length on hydrophobic contact
angle: a, homologous monofunctional series; b, homologous
polyfunctional series.

the more surface active species, at least in dilute
solution. The results of research have recently
been summarized on the critical micelle concentra-
tion (CMC) of various soaps and the effects of salts

Hayward R. Baker, Eraine G. Shafrin and W ittiam A. Zisman

Vol. 56

in decreasing the CMC.T7,S From these it is con-
cluded that the concentrations of acids and soaps
used in this investigation in the more dilute solu-
tions were too low to permit micelle formation.

The relative importance of the various ions and
molecules of organic acid present in aqueous solu-
tion and their influence on the adsorption of hydro-
phobic monolayers are being reported separately in
a related paper by Merker and Zisman.3 As a re-
sult of a preliminary report of the experimental ob-
servations related here, they were led to attempt
the correlation of hydrophobic behavior with com-
position of the adsorbed films. Curves representing
the concentration in solution of the various adsorb-
able entities present at different pH values were de-
rived by them from the application of the law of
mass action. By postulating an adsorption equili-
brium in which, as a first approximation, the same
relative proportions of the various species were
maintained in the adsorbed film as in the generating
solution, they were able to conclude that the sharp
decrease in hydrophobicity noted for films prepared
at both extremes of the pH scale is due to the com-
petitive adsorption of the appropriate hydrophilic
aqueous ions (H+ or OH~) whereas the hydrophobic
character of films adsorbed in the intermediate pH
range is due to the adsorption of the hydrophobic
carboxylate ions and neutral acid molecules. The
peak angle was shown to occur at the pH favoring
the adsorption of a film composed primarily of the
undissociated acid. This pH value was shown by
them to be predictable, given the dissociation con-
stant for a weak acid. Good agreement was ob-
tained between the theoretically derived curves and
subsequent experimental observations.

From its definition, it is evident that Onm is
characteristic of monolayers in the closest packed
arrangement obtainable by adsorption from aque-
ous solution. Provided the solubility of the organic
compound is sufficient, Oumwill also correspond to
the maximum packing obtainable from solution in
any solvent; the only exceptions to be expected oc-
curring under conditions of adsorption of mixed
films of solvent and solute. Hence it is not surpris-
ing that essentially the same values of 6 have been
reported for saturated films prepared by adsorption
from water, ethanol-water, benzene, dicyclohexyl
or hexadecane. Since in the limit a solution of in-
creasing concentration will approach in behavior
that of the pure molten acid, 6umshould equal Oni,,
the exceptions occurring where there are marked ef-
fects on the orientation or packing of the adsorbed
film due (a) to the higher temperature often needed
to produce monolayers from the melt, or (b) to any
differences in the films because of mixed film forma-
tion. This agreement of 0Hmand Ontit is well exhi-
bited in Tables 1and I1.

The thermal-gradient method is valuable in
making available data on the relative hydrophobi-
city of closest packed monolayers not otherwise ob-
tainable. Since this method requires less experi-
mental manipulation than other adsorption tech-
niques, its use facilititates the rapid survey of the

(17) H. B. Klevens, Chem. Revs., 47, 1 (1950).

(18) J. W. McBain, “Colloid Science,” D, C, Heath Co.. Boston,
Mass., 1950, chapter 17.
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film-forming possibilities for a wide variety of struc-
tural types of polar compounds. It should also
prove useful in future studies of the adsorption of
polar compounds on metals more reactive than pla-
tinum.

In curves A and D of Fig. 6a, data for the two
most comparable homologous series, the n-alkyl
monocarboxvlic acids and pri-amines, are seen to be
represented by two parallel straight lines (Table
I11). Since this type of molecule adsorbs with the
dipole at the metal surface and the hydrocarbon
chain extended and oriented approximately nor-
mal to the adsorbing plane,lllengthening the alkyl
chain increases the van der Waals cohesive forces
between adjacent chains and thus leads to a closer
packing of the chains; this, in turn, is reflected in
an increased water repellency for the films. For
compounds of longer chain length than those re-
ported here, a saturation effect can be expected for
6 at or below 108°, the value frequently seen in the
literature for water on paraffin. The identity of
the slopes for the acid and amine series is indicative
of the equivalent effectiveness of increasing chain
length on the hydrophobicitv of monolayers char-
acterized by this molecular orientation. The dis-
placement of the acid curve some 10° below that for
the amines is consistent with the following, previ-
ously reported, relative adsorptive properties of
amines and acids for a given chain length: (a)
amines adsorbed from solution in hexadecane or di-
cyclohexyl have the longer lifetimes of adsorption,45
and (b) amine monolayers are more resistant than
acid monolayers to thermal desorption -effects,
since the former require approximately an 80° in-
crease in r, the temperature characteristic for the
wetting of the film by the pure molten compound.4

A horizontal straight line represents the data for
all of the cyclohexylalkyl monoacids with one ex-
ception (Curve B in Fig. 6a). In the case of cyclo-
hexylcarboxylic acid, the absence of a methylene
link between the polar group and the cyclic group is
reflected by a sharp drop in the hydrophobicity of
the monolayer. The existence of a limiting, maxi-
mum water repellency, independent of chain length
above N = 8, may be explained if it is assumed that:
(a) the plane of the cyclic group isapproximately nor-
mal to the adsorbing surface, and (b) the maximum
hydrophobicity observed corresponds to the closest
packing possible for the cyclohexyl groups. If the
effective cross-sectional area of the terminal cyclo-
hexyl group is greater, for saturation packing, than
that of the underlying alkyl chain, increases in the
length of the chain should have no effect on the hy-
drophobic contact angle; this would account for the
horizontal line obtained experimentally for 9for val-
ues of N from 8 to 12. The lower hydrophobicity of
cyclohexylcarboxylic acid films may reflect some
basic difference in the orientation of the adsorbed
molecules possibly resulting from the decreased flex-
ibility of the molecule. This problem merits further
investigation by some more direct method such as
electron diffraction.

Although only two members of the corresponding
series of aromatic monoacids were available for
study, the limited data again led to a horizontal

(19) L. O. Brockway and J. Karle, J. Colloid Sci., 2, 277 (1947).
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line (curve C, Fig. 6a). By analogy with the cy-
cloalkyl acids, the existence of the maximum water
repellency may be attributed to the saturation
packing of the phenyl groups. The lower repel-
lency characteristics (a 25° decrease in 6) for the
aromatic compounds as compared with the corre-
sponding aliphatic analogs may reflect the differ-
ences in polarity of these two types of hydrocarbons.

Comparison of the curve representing the homolo-
gous a,«-alkyl dicarboxylic acids (A in Fig. 6b)
with that for the alkyl monoacids reveals that the
replacement of a methyl end-group by a second car-
boxylic group serves both to depress 9 for the lower
homologs (below N = 12) and to increase by a fac-
tor of 2.5 the effect of lengthening the methylene
chain on 9 (i.e., the slops of the line). This diver-
gence might prove instrumental in differentiating
between the several orientations conceivable for
these adsorbed diacids.

For configuration (a), in which only one acid group
adsorbs while the remainder of the molecule lies
extended normal to the adsorbing plane, an exter-
nal surface of close-packed carboxylic groups re-
sults. Since such a surface would be expected to
exhibit consistently lower contact angles than a
surface of close-packed methyl groups, the conse-
quent 6 vs. N line should either coincide with the 6
= 0° axis or remain displaced below that for the
straight-chain monoacids for all values of N. Fur-
ther, the slope of the line could not conceivably ex-
ceed that obtained for the monoacid curve.

In configuration (b) the simultaneous adsorption
of both acid groups at the metal surface with the in-
tervening aliphatic chain of methylene groups
looped away from the adsorbing surface would re-
sult in a hydrophobic film. The longer chain com-
pounds would form the taller, more closely packed
loops which would more effectively shield the car-
boxylic groups from contact with the water drop.
The effectiveness of each methylene increment in in-
creasing 9 would be expected to be somewhat less,
however, than that obtained for a corresponding
addition to a normally oriented straight chain.

In configuration (c) both acid groups adsorb and
the intervening aliphatic chain is postulated as ex-
tending parallel to the adsorbing surface. For the
lowest homologs the presence of a high proportion
of exposed polar groups would be expected to de-
press 9 considerably below that characteristic of the
analogous n-alkyl monoacid. Increasing the chain
length would shift the ratio of exposed polar to non-
polar groups in favor of greater hydrophobicity.
For the highest homologs the effect of the presence
of the exposed carboxylic group might be largely
suppressed.

Although the curve corresponding to configura-
tion (c) appears somewhat consistent with the ex-
perimentally obtained curve, it remains for an in-
dependent experimental approach to decide among
the several possibilities. Some indication as to
probable configuration may be afforded by the
comparison of the asymptotic maximum value of
Omel to be expected for high values of N, with the
angle characteristic of films of known composition
and orientation. A more direct approach, by
electron diffraction, is now in progress.
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In contrast, curve B (Fig. 6b), representing the
homologous alkylsuccinic acids, shows very little
increase in Oneh with increasing chain length in go-
ing from octylsuccinic to octadecylsuccinic acid.
This approximate constancy in angle, despite a ten
carbon increase in the length of the aliphatic side-
chain, indicates that the lateral forces between ad-
jacent alkyl chains do not predominate in the pack-
ing of the molecules. The presence of the more
bulky succinic acid portion of the molecule appar-
ently limits the closeness of packing of the alkyl
side-chains. This suggests an orientation in which
the side-chains are oriented normal to the adsorbing
surface so that their effective projected areas are
less than those of the succinic acid groups.
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Hydrolytic adsorption at the free surface of aqueous sodium laurvl sulfate solutions is shown (1) by pH measurements cor-
related with (foam) extraction of the soap, and (2) by means of surface tension vs. pH curves at constant concentration and
ionic strength. Values of the (apparent) surface hydrolysis constant of 10-7 to 10-8 were obtained from the 7 vs. pH curves.

However, the hydrolytic adsorption may perhaps be due merely to a fatty acid impurity in sodium lauryl sulfate.

A series

of surface tension-concentration curves were obtained at various ionic strengths and a thermodynamic analysis and inter-

pretation given.

Arguments presented in the flotation theory de-
veloped in this Laboratory23suggested that collec-
tors always adsorb as whole molecules rather than as
ions, usually, but not invariably, by hydrolytic ad-
sorption, i.e., as free acids or bases. The adsorp-
tion potential for hydrolytic adsorption is usually
large enough in (chemisorbed) specific collectors
that substantial surface coverage will occur on the
mineral at effective collector concentrations of
10-10 to 10-15 N (e.g., alkyl xanthic acids on metal
sulfides). This collector theory is well supported
by various independent experimental observations
for the specific metal sulfide collectors.4-9 More-
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and was presented in the Symposium on Surface Tension of Solutions at
the Boston Meeting of the American Chemical Society, April 1-5, 1951.

(Ib) Now at Minnesota Mining and Manufacturing Co., St. Paul.

(2) M. A. Cook, Eng. Mm. J., 150, No. 2, 110 (1949); “Mecha-
nism of Collector-Mineral Attachment in Flotation,” presented at El
Paso meeting of A.1.M.M .E., Oct. (1948), San Francisco, Feb. (1949).

(3) M. A. Cook and J. C. Nixon, T his Journal, 54, 445 (1950).

(4) C. M. Judson, A. G. Argyle, J. K. Dixon and D. J. Sally, J.
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over, it has been shown that the inorganic depres-
sants generally employed in these systems, namely
cyanide and sulfide, adsorb as the free acids, HCN
and HZS, respectively. There appeared very early
in this development, however, a serious problem in
regard to the non-selective strongly surface active
long chain paraffin collectors. Even the paraffin
chain salts of strong acids and bases showed good
collector properties over wide ranges of pH, i.e,
under conditions where acid soap concentrations in
the bulk solution were quite negligible. Further-
more, the long chain paraffin salts in general be-
have very much alike as collector agents, irrespec-
tive of their hydrolysis constants, except when
chemisorption is involved.5 These long chain
collectors are generally non-selective and non-spe-
cific, i.e., they cause flotation of the metallic and/or
non-metallic minerals and gangue alike.

PlanteDand Rogers, et al.,u studied the collector
properties of many synthetic and natural soaps, and
mapped the pH and concentration ranges where
these substances are applicable as hydrophobic film
forming reagents. The non-specific collector prop-
erties of these compounds apparently preclude them
as adsorbing ionically.34 Also, the low potential
associated with non-selective adsorption requires

(10) E. Plante, Am. Inst.
July (1947).

(11) J, Rogers, K. L. Sutherland, E. E. Wark and I. W. Wark,
Trans. Am. Inst. Mining Met. Eng., 169, 287 (1946).

Mining Met. Eng., Tech. Pubs., 2163,



March, 1952

that the bulk solution concentrations of the effec-
tive collector should be much larger to obtain a
given surface coverage than when the specific (high
potential) adsorbates are used. In spite of this,
one frequently obtains high contact angles on solids
even when treated in very dilute solutions of the
paraffin chain salts of strong acids. For example,
sodium lauryl sulfate will cause flotation of minerals
like fluorite or calcite at a total soap concentration
as low as 10“5N even in basic solutions of pH 8 to
10. What then is the source of the effective collec-
tor in such synthetic soap solutions?

The present study is the result of one attempt to
answer this question. However, the work of
Brady12 and the earlier work of Miles and Shed-
lovsky13 which came to our attention during the
course of this study, showed clearly that a rela-
tively small amount of a non-ionic impurity (evi-
dently an alkyl alcohol) in sodium lauryl sulfate
influenced the surface properties of the soap solu-
tion tremendously. They demonstrated, more-
over, that the anomalous (type I11) surface tension
(~-concentration (C) curve of sodium lauryl sul-
fate was due (almost) entirely to this impurity.
The word “almost” is added here because the re-
sults of the present study show another “trace im-
purity” effect, namely the influence of hydrolytic
adsorption even in this strong acid salt! There
now appears to be little or no doubt that one or an-
others, or both of these factors are responsible for
the collector properties of many of these synthetic
soaps.

Our flotation studies also led us to suppose that
some of the features of the anomalous (type 111) 7
vs. C curves as well as the normal (type 1) ones
could be explained by taking into account hydro-
lytic adsorption even in such strong acid salts as so-
dium lauryl sulfate and, in addition, the conditions
associated with surface saturation and the effects
of high surface pressures in the adsorbed films.
Included in this paper, therefore, are the results of
measurements of several y-C curves at different
ionic strengths and pH’s and an interpretation of
these curves.

Materials and Equipment.— The sodium lauryl sulfate
used in this study was a high quality (inorganic free) sample
obtained from the du Pont Company. Fresh solutions were
used in each series of tests and were made with twice dis-
tilled and reboiled (carbonate free) water. Surface tension
measurements were made with a “Cenco” du Nouy Pre-
cision Tensiometer. The y-pH curves were obtained by
measurements of 7 and pH in the same solutions (under a
nitrogen atmosphere) by inserting the electrodes from a
Beckman Model G meter (glass-calomel electrodes) into a
specially constructed test cell in which 7 could also be meas-
ured directly. All solutions were stored in a thermostat
at 29° until used, and the nitrogen atmosphere was main-
tained at 29°, all measurements being made at this tempera-
ture. The nitrogen both for the surface tension and the
foaming experiments was purified by passing it successively
through soda lime, pyrogallic acid in potassium hydroxide,
sulfuric acid and silica gel. It was then saturated with dis-
tilled water at 29° before introducing it into the test system.
The use of this conditioning atmosphere aided materially in
obtaining reproducible results and in reducing the time for
equilibrium in the surface tension measurements.

The foaming apparatus was a 30-mm. Pyrex column, one
meter long equipped at the bottom with a sintered disk for
dispersing the nitrogen stream, and with a stopcock for

(12) A. P. Brady, Tins Journal, 53, 5G (1949).
(13) G. D. Miles and L. Shcdlovsky, ibid., 48, 57 (1944).
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sampling. At the top was a side delivery tube for removing
foam, and a glass stoppered neck for adding solution.

Foam Extraction Tests.— A solution of known concentra-
tion and pH was placed in the foaming column, and foam
extracted with purified and water resaturated nitrogen gas
forced through the sintered disk at a controlled rate such as
to allow time for most of the entrained bulk solution to
drain back as the foam ascended in the column. Measure-
ments of pH were made by withdrawing and testing samples
of the extracted solution at 'he end of the foaming test or,
in some cases, at intervals during extraction. Foaming was
usually continued until most of the soap was extracted to
allow a maximum pH change. The soap concentration in
the extracted solution was estimated only roughly from the
approximate volume of foam extracted and subsequently
from the surface tension of the solution which, at the end of
the tests, was usually above 70 ergs./cm.2.

Table | contains the initial and final results of the pH
measurements of the foam extracted solutions.

Table |

E ffect of Foaming on the pH of Sodium Lauryl Sulfate

Solutions

Initial (OH)-

concentration Generated
(molai) Initial Final (mois./l.) X 10-<
1 X 10-1 (no added salt) e.55 7.65 0.67
1 X 10-4 (no added salt) £.80 7.12 1.6
2 X 10-4 (no added salt) 6.50 7.94 1.2
2 X 10-4 (no added salt) G.30 7.75 1.0
1 X 10-4 (0.1 N NacCl) 6.65 6.50 1.9
1 X 10-4 (0.1 N NacCl) 5.60 6.65 2.3
5 X 10-6 (0.1 N NacCl) 5.50 6.65 3.0
5 X 10-6 (0.1 ATNacCl) 6.24 7.63 1.0
5 X 10-5 (0.1 N NacCl) 5.80 6.50 1.6

While no appreciable hydrolysis of sodium lauryl sulfate
will occur in the bulk solution, it is not a -priori certain that
hydrolysis will not occur in the free surface or at a solid-
aqueous solution interface. Actually the soap exists in the
surface at concentrations as much as 105 times greater than
in the bulk solution; also it may be shown that K ,> > Kt,
for long chain soaps, where K, is the (apparent) surface hy-
drolysis constant and Kh is the bulk hydrolysis constant.
If the ratio H X/X- (HX—free acid, X “—soap anion)
were the same in the surface as in the solution, foam extrac-
tion would not affect the pH of the solution.14b One re-
quires, therefore, that (11 X/X-),> > (H X/X-) to account
for the appreciable increase in pH observed in these tests.
This results from a shift toward the right (due to extraction
of (H X),) of the equilibrium

(X,-)+ H.O (HX), + (OH-),

Here the subscript s refers to the surface, and no subscript
is used when solution concentrations are designated. EXx-
perimentally H X /X - is quite negligible; we could detect
no pH increase upon solution of dry sodium lauryl sulfate
in pure water. Since the foaming resulted in a substantial
increase in pH, this can mean only that the ratio (H X /X -),
was appreciable as a result of which the continuous removal
and reforming of the surface phase caused an accumulation
of OH - in the bulk solution as shown in the last column of
Table 1. From the (integral) values of (OH)- generated
one obtains average (integral) values of (1T X/X-), in the
range 0.01 to 0.04. This gives for K, (as defined in ref. 14)
the value 10-s to 10-9, if it is assumed that the free acid soap
results from surface hydrolysis of the sodium lauryl sulfate.
However, one has no assurance that this "apparent” 1-4%
hydrolysis may not be due to a fatty acid soap impurity
present to about this extent in the sodium lauryl sulfate.
A long chain fatty acid salt would be ionized completely but
hydrolyzed to only a very small extent in the bulk solution
at pH 7. However, it would be nearly completely hydro-
lyzed in the surface, at this pH as shown, for example, by
the data of Long, Nutting, and Harkins,1616 and by the
theoretical analysis of the /3 (degree of hydrolysis) versus C

(14) M. A. Cook, ibid., 55, 3S3 (1951).

(15) F. A. Long and G. C. Nutting, J. Am. Chem. Soc., 63, 84 (1941).

(16) F. A. Long, G. C. Nutting and W. D. Harkins, ibid., 59, 2197
(1937).
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curve of Pawney and Jordan given in reference 14. (On
the other hand perhaps 15-50% hydrolysis of the fatty acid
salt would have occurred in the solutions of minimum initial
pH shown in Table I, but this would still allow for consid-
erable increase in pH during foaming as the free acid soap
is gradually extracted.)

Surface Tension V& pH Curves.— One should also be
able to demonstrate sui'face hydrolysis by means of surface
tension vs. pH curves at constant soap concentration and
total ionic strength. For this purpose a special flask was
constructed so that either pH or y could be measured in the
same solution, as described previously. The pH was ad-
justed by additions of constant boiling HC1 on the acid side
and concentrated (CCh-free) sodium hydroxide on the basic
side. Measurements were made in 0.01 and 0.1 N NacCl
solutions, thus the pH adjustments did not affect the total
ionic strength appreciably. Figure 1 shows the results of
two separate series of measurements. In both instances an
increase in pH resulted in an increase in y occurring pri-
marily over a range of about two pH units, which theoreti-
cally would include about 90% of the change if one were
dealing with surface hydrolysis. The point of maximum
change of y with pH should correspond to the condition
pH = pdfs» from which one obtains Kaa— 10 in one case
and 10-7 in the other. Here Kaais the (apparent) acid dis-
sociation constant in the surface phase. This gives for
K, the values 10“8and 10~7, corresponding to the different
values obtained from the separate curves. The fact that
this is around 10 to 100 times larger than the value estimated
from the foam extraction test gives credence to the free acid
impurity possibility. In any event it is clear from these
experiments that there is adequate surface hydrolysis to
account for the observed collector properties of sodium
lauryl sulfate solutions by hydrolytic adsorption. In other
words there are at least two sources of whole molecule ad-
sorption in these solutions when the Brady impurity is also
considered. Since sodium lauryl sulfate has no apparent
special properties as a collector which cannot be obtained
with a fatty acid soap, it did not seem worthwhile to go
further into the source of the acid soap. Instead, attention
was directed to the y vs. O curves on the assumption that pH
and ionic strength control might eliminate the anomalous

minima in the Type 11l curves.
S 50
45
2 4 6 8 10 2
pH
Fig. 1.— Surface tension vs. pH in sodium lauryl sulfate.

Surface Tension vs. Concentration Curves of Sodium
Lauryl Sulfate.— Surface tension-concentration measure-
ments were made with a platinum ring of R/r value 40.1,
and in a platinum dish. Both ring and dish were flamed
before each use, and measurements were carried out under
a bell-jar. A small hole was bored in the top of the bell-jar
to allow a quartz f.ber, connecting the ring and tensiometer,
to pass through. The solution and bell-jar could be raised
and lowered by means of a threaded screw adjustment to
keep the balance arm level. Pure (water saturated) nitro-
gen under a slight positive pressure and at 29° was main-
tained above the solutions during measurements. A weighed
quantity of soap was dissolved in a known amount of water
to make a stock solution from which other solutions were
made up by dilution to volume after additions of a weighed
amount of NaCl. Concentrated HC1 or NaOH was added
at the tip of a flamed platinum wire for pH adjustment.
The samples were then stored at 29° until used. Measure-
ments on each sample were continued every few minutes
until the surface tension remained substantially constant
over a period of 15 minutes. Harkins and Jordan17 correc-
tions were applied in all measurements.

(17) W. D. Harkins and H. F. Jordan, ./. Am. Chem. Sor... 52, 1751
(1930).
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Figure 2 shows the results obtained in solutions of 0.1 and
0.01 N NacCl at two pH values (5.5 and 10). One will ob-
serve that while the pH and ionic strength control did not
completely eliminate the minima in the y-C curves, it re-
duced the sharpness of them materially. The experimental
points in Fig. 3 are the results obtained at different NacCl
concentrations. Since previous tests showed that there
was no hydrolysis in the bulk solutions, and only a very
small pH effect anyway, no attempt was made to maintain
pH control in obtaining the results shown in Fig. 3. While
again the minima were observed, they were not nearly as
pronounced as in the work of Brady (Fig. 4).

Fig. 2.— Surface tension vs. soap concentration at constant
n and pH.

Fig. 3.— Effect of ionic strength on surface tension.

Fig. 4.— Surface tension of foam fractionated sodium lauryl
sulfate (Brady12).

Discussion

It is of interest to evaluate the experimental sur-
face tension-concentration curves thermodynami-
cally in order to obtain approximate contributions of
various factors to the total adsorption potential.
For this purpose we shall assume that since the
film is gaseous, the surface phase of aqueous sodium
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lauryl sulfate solutions obeys the two-dimensional
van der Waals equation of state

(»+pju-i)-fer ()

where x is the surface pressure, a the area/molecule>
and a and b are constants. Also we shall assume
that at constant pH we may treat the soap solution
as a single component system so that

pC) — . (0)

2 ~ RT dIn(y* C) {1
where y+s is the mean activity coefficient of the
soap. The thermodynamic equilibrium constant
of the reaction

soap (solution) < > soap (surface)

K = =
where y+sis the activity coefficient in the adsorbed
phase, X is the adsorption potential [i.e., —AF
(adsorption)] which is a function of the density of
solute in the surface phase (or a), and the tempera-
ture. It is assumed that X may be broken down as

X —X0 4" 625 ti - <, jT) (4)
where X, is the contribution to Xof the head group-
counter ion-solvent interaction. This component
of X might be considered to be dependent on the
ionic strength (r); however, we shall include this
dependence in ytsand y+. The second term is the
Traube potential with n the number of carbon
atoms in the chain. The 4 term accounts for in-
fractions between adsorbed molecules and will be
taken as zero at some particular (large) al or (low)
xi. From the equations (2), (3) and (4) one ob-
tains

e -~ T)/RT (3)

625ft q
e-*/RT d* = 10“3RTe RT Ty~1 d(y*C) (5)
ft
where F(&has been set equal to 10~3 Cst with r the
average thickness of the adsorbed film which we
shall assume is 6A and does not vary with C,. It will
also be assumed that y+s = y+s (m and we shall
attempt to determine y £s (m) from the experimental

data. At constant ” one obtains the relation
p " Xo+ 625n
ed, = iQ-tRTc RT Ty-jj+Cc (6)

The left side of Equation (6) may be set equal to

RT \,

T " RJ0rrTa - syiw

and integrated graphically. It is assumed that
equation (6) will apply to the y-C curve for all soap
concentrations below the effective solution satura-
tion concentration cz, i.e., below the normal micelle
region of the y-C curves. At concentrations
above Cz, y should become constant (at constant pH
and ionic strength) in a pure soap.

The minimum prevailing in the y vs. ¢ curve af-
ter pH and ionic strength control may possibly be
simply a type of nucleation limitation of the impur-
ity. In other words, at cz the impurity would not
have reached solution saturation and y would thus
continue to drop above Cz as the concentration of
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this impurity increases. However, when micelles
become sufficiently abundant adsorption of the im-
purity on the micelles may be initiated and the po-
tential for it increases with the average size of the
micelle at sufficiently high concentrations as a re-
sult of which y returns toward the Cz value at suf-
ficiently high concentrations. This implies simply
that the impurity saturation concentration is
greater in a solution containing only this impurity
than in a solution containing a sufficiently large
concentration and average size of sodium-lauryl sul-
fate micelles. Such an assumption can easily be
justified theoretically.

Since C, varies only slowly over the greater part
of the y-C between surface pressures above about
5 dynes/cm. and the micelle region, one might
expect 7+3 to be relatively constant over this
region. Since 7= should vary exponentially with
M/* one would obtain log 7+J 7+ = &V/: where
k' is a constant. Experimentally this is not the
case. Instead, the relation

yzh/+ = /N (7)

seems to fit the conditio1quite well, where g is a
constant. We have no theoretical explanation for
this situation as yet.

Assuming that Equation (7) is valid, one may
write Equation (6) as

C*e-t/RTdT = 4 X 10W /iitp'MJ  (g)
«
0

~

=Np X ©)

Table Il

LTS Ob Graphical Integration of Equation (6)

™
0 0 0
1.0 1.2 3 X 10%6
2.5 7.5 1.0 X 10“5
5.0 70 1.75 X 10“1
7.5 158 4.0 X l10O¢
10 205 7.3 X 10“4
12.5 455 1.1 X 10“3
15 700 1.75 X 10“3
17.5 050 2.4 X 103
20 1285 3.2 X 10“3
22.5 1615 4.1 X 10“3
25 2040 & x o
27.5 2470 6.2 X 10“3
30 2000 7.3 X 10“3
32.5 2400 8.5 X 10“3
35.0 4250 1.00 X 10"2

Table Il presents the results of the graphical

integration of the left side of equation (6), using the
values a = 4 X 10"ergs. A.4cm .2emolecules2 b =
50 A.2 Figure 5 presents a comparison of experi-
mental and computed y-C data for the values
X0 = 3.25 kcal./mole. The use of the empirical
equation (7) seems to be WEIl justified from the
results shown in Fig. 5. Moreover the empirical
values of Xj, a and b seem entirely reasonable ones,
although the shape of the x vs. log C curve is not
very sensitive to small changes in either a or b.
A variation of y+s with ionic strength in bulk solu-
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Fig. 5.— Comparison of experimental and theoretical
surface tension-concentration curves at constant pH and
ionic strength.

tion may possibly be explained qualitatively by
considering the average ionic atmosphere radius in
the various solutions. At &€ = 104 and no NacCl
this radius is about 300 A. Adsorption is then
hindered by simple anion repulsion and the po-
tential required to absorb counter-ions to overcome
it. At the same soap concentration and 0.1 NacCl,
the average atmosphere radius is about 10 A.
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Hence the anion repulsion is largely eliminated at
this high ionic strength because the counter-ions
(Na+) are then more easily brought into the surface
film with the anions to produce charge stabilization.

Actually the absolute values of X depend to some
extent on the choice of a in equation (1). Since
this choice cannot be made very accurately in the
present study, because a influences the y vs. C
curve appreciably only at low surface pressures,
i.e.,, at high y, the absolute values of XOmay be in
error by perhaps as much as 0.5 kcal. Furthermore
the inclusion of g in the Xo term obscures the sig-
nificance of the numerical values of X0

It is interesting to note that the minima were
shifted to lower concentrations by increasing p
to almost the same extent as the displacement of
Cr {i.e., the concentration at constant surface
pressure). The latter displacement in turn was
almost independent of the surface pressure. The
displacement of the minimum shows that the
potential for micelle formation varies with ionic
strength in about the same manner as the product
y+\y+ which is consistent with the theory discussed
in reference 14.
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