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I. Introduction

The experimental results of the cis—trans isom-
erization reactions which involve rotation about
ethylenic double bonds show that these reactions
are divided quite well into two classes.! They are
both first order reactions, and have rate constants
approximately 10* exp. —25,000/kT and 10! exp.
—45,000/kT, respectively. Itisobvious thal there
are at least two distinct mechanisms involved.

First order reactions ‘‘normally’’ have frequency
factors? of ~ 10%%. The isomerization reaction
having 10* for this factor is most likely non-
adiabatic, 4. e., it must change from one potential
to another with which the first interacts only in
second or higher approximation. The second
reaction is slower than “normal” (frequency fac-
tor 10! instead of 10'%) for other reasons, since it
is most likely adiabatic.

We shall first examine the electromnic states of the
double bond in an attempt to determine the poten-
tial surfaces on which these reactions take place.
Then we shall consider the rates of the reactions.

II. The Double Bond Molecular Orbitals

The carbon to carbon double bond has been con-
sidered by Hiickel® and Mulliken.* We shall use
the molecular orbital treatment of these authors.
Consider at first ethylene in its equilibrium con-
figuration (Fig. 1). The appropriate localized
molecular orbitals for the carbon atoms are

1 —-‘\7:(25) +$
=L R
Yy = \/— (25) '\/6 P2 \/§Pu (1)
¥ = \/3(2)—7 \/—Pu}
Vs = P, }

* Paper presented at the Symposium on the Transfer of Energy in
Molecular Collisions, American Chemical Society Meeting, Detroit,
Michigan, September, 1940.
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V, B8, 766 (1936); VI, 58, 2428 (1938). (b) I, Tamamusi and Aku-
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J. Phys. Chem., 28, 758 (1924). (d) Ebert and Bull, Z. physik,
Chem., 182, 451 (1931). (e) Hartley, J. Chem. Soc,, 633 (1938).

(2) A reactjon rate constant can be written as As—Ea/*T, 4 is
the frequency factor and E, the activation energy.

(8) Hiickel, Z. Physik, 60, 423 (1930).

(4) Mulliken, Phys. Rev., 41, 751 (1932),

(2s) is the s orbital of principal quantum number
2; Py, Py and P, are the real 2p orbitals directed
along the x, ¥, and z axes, respectively, ¥4, Yo and s
are equivalent bonds directed at 120° angles.
We shall use subscripts to designate the carbon
atom to which they belong. ¢4y, + ¥y, forms the
so-called ¢ part of the double bond; v, + ¥
forms the = part. y,, and y,, form bonds with
the hydrogen atoms « and @, respectively; ¥y,
and s, bind the other hydrogen atoms,

Y s) H (8]

Fig. 1,—The ethylene molecule in the coérdinate axes used
in this paper. The dimensions assumed are also given.

As usual we shall assume that the state of the
molecule can be represented sufficiently well by
the two electrons forming the = bond. Thus we
write for the ground state of the ethylene mole-
cule

= % {an(l) + be(l)} {an(z) +

(18s — )
Pp(2)} ———= (2
(2} VG &)
oy indicates a positive s component of the spin of
electron 1, 8, a negative z component for the
spin of 1.
Another singlet state is

3 1Paall) = Pa(D)} {Pra® —

g = Pu(@)} ‘ﬂv‘g‘ﬂ*—)

&)
Both electrons have been promoted to the anti-
bonding orbitals, and so the state has considerable
excitation energy. However, it is‘to be noted
that on rotation of one of the CH; groups by 180°
(the rotation which takes cis to trams in substi-
tuted ethylenes) the bonding and anti-bonding
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orbitals change their réles, and y;; becomes the
ground state of the molecule. If the molecule
rotates in such a way as to remain in the original
singlet state during the entire process there will
be strong resonance between ¥y and y;, especially
in the vicinity of the 90° angle, and the electrons
will change from one state to the other.

The lowest excited state of the ethylene mole-
cule is a triplet state.*s

vin —1—2 {(Pea(1) + Pru(1)) (Pra(®) — Pen(2)) —

=i
(P2a(2) + Pxb(2))(Pxa(1) — Pup(1))} S (4)

Here Syy; designates the spin function and can be
aran, (1B + aBr)/A/2 or B

A schematic diagram showing the behavior of
the energies corresponding to ¥y, ¥y; and ¥y on
rotation about the double bond is given in Fig. 2.
No calculation of energies has been made, but it
is quite certain that qualitatively these surfaces
are placed correctly. The low triplet state is not
surprising since ethylene is isoelectronic with the
oxygen molecule. For the configuration with
6 = 90° this should be the lowest state since the
singlet double bond is completely destroyed, and
the triplet state depends comparatively little on
rotation.

/n;/ef/oa/:‘nf/a/ 7
riplet patentrol Yy

.finy/e//ao[enb‘a/ W

a\/
8 = 0°. 6 = 180°.

Fig. 2.—Schematic illustration of the potential assumed

in this work for the rotation around the double bond in

ethylenic compounds. The energy levels are not drawn

to scale. The molecule could in general never change from

the singlet to triplet state, if this degree of freedom were

orthogonal to the other molecular motions, because the
levels do not match.

III.

The proposed mechanisms for the rotation reac-

tions can be seen from Fig. 2. The mechanism

having a high frequeney factor and large acti-
(3) Mulliken, J. Chem. Phys., T, 120 (1939).

)
<

The Two Reaction Mechanisms

Joux L. MAGEE, WILLIAM SHAND, JR., AND HENRY EYRING

Vol. 63

vation energy involves going over the large bar-
rier, the eigenfunction changing from y; to ¥y as
the system moves along the dotted section of the
reaction path. The activated state comes at
¢ and the molecule remains in a singlet state
thoughout this process. It is believed that the
other mechanism involves changing to the triplet
surface. The low frequency factor is a result of
the difficulty associated with this change, which
is made at the points a and b. The activation
energy is of course smaller for this latter mecha-
nism.

Qualitatively these potential surfaces are in
agreement with the experimental observations.
In order to make as much of a quantitative check
as possible with the available experimental data
we must approximate the potential, and we do this
from the infrared spectrum of ethylene. Bon-
ner® gives as the torsional frequency for ethylene
825 cm.—!.  Using the dimensions for the mole-
cule given in Fig. 1 the force constant % is cal-
culated to be 3.75 X 1072 dynes per radian.
The parabolic potentials having this force con-
stant are shown in Fig, 2 as the heavy lines. The
crossing point of these comes at 63,000 calories/
mole above the minimum. The actual potential
for the singlet state will be somewhat lower
than this, as given by the dotted line. The
experimentally observed activation energies for
this mechanism vary from 40,000 to 48,000
calories/mole. We shall assume that this para-
bolic potential is the one to use. The torsional
frequencies for most of the molecules in which
we are interested are not known, and when neces-
sary they will be calculated from this potential.

The triplet potential, having no angular de-
pendence, is placed at ~ 20,000 calories/mole
above the singlet minimum.

IV. Reaction with Low Activation Energy

A. Classical Treatment

First we shall assume that the energy levels for
the rotational motion are continuous at the
activated state and the reaction can be treated
in the usual manner. In most reactions there is
classical motion along the reaction path, or at
least on one side of the activated state (for ex-
ample, a unimolecular decomposition leads from
a quantized vibrational level to a continuum of
translational levels). In this particular reaction
there are three potentials with well quantized

(8) Bonner, THis JournaL, 88, 34 (1938).
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energy levels. We shall expect the classical rate
to be greater than the observed rates since the
quantization restricts the motion. In the next
part of this section we shall consider in detail the
effects to be expected from the quantization.
The activated state for this reaction occurs at
either the point a or the point b. For compounds
having ¢is and frans forms these are not equivalent
and the passing at one of these points will be rate

determining. We assume that it is at ¢. The
rate constant for this reaction is
! = k._J: . B* —~Eq/kT
Bl =x 7 FNe / (5)

Here F,~ is the partition function for the acti-
vated state at ¢ from which the torsional degree
of freedom has been removed; Fy is the partition
function for the normal molecule. We shall
assume further that the activated molecule has
identical properties with the normal one in every
way except the torsional motion. This gives

b= aSE (1 = eP/sT) BT ®)

Now we must consider . Without this factor
we have the equilibrium number of molecules
which are in the singlet potential at the point of
crossing. This must be corrected in two ways;
so for convenience we shall write

K1 = p1o1 (7)

The factor p; gives the probability for the transfer
to the triplet potential which is necessary for the
reaction to occur. It depends upon the nature of
the two potential surfaces and the magnitude of
their interaction. The factor ¢, corrects for the
molecules which react and then return. (1 — o))
gives the fraction of molecules at the activated
state which came from the final state. This fac-
tor depends upon the ease of transferring energy
from one molecule to another and thus will depend
upon the pressure. The product must be de-
activated, or else it will return to the initial state,
since obviously it has enough energy to do this.
At first we calculate the ‘‘high pressure rate,”
valid when ¢; = 1.
Zener and Landau’ find for p; the expression

422

s =5 IS, =31 =1 — exp. (—a) (8)

p1=1—exp.(

where e is the interaction energy between the
singlet and triplet states; v is the velocity of
motion on the potential surfaces; [Si - Sfl is

(7) (a) Zener, Proc. Roy. Soc. (London), A140, 660 (1932); (b)
Landau, Physik. Z. Sowjetunion, 3, 46 (1932).
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the absolute value of the difference of the slopes
of the two potentials at their intersection.
The estimation of p, is carried out in Appendix
I for butene-2 and maleic acid methyl ester, two
examples of molecules which isomerize by this
mechanism. For high pressure rates of these two
reactions we calculate
butene-2, k; = 2.76 X 1077 X 9.2 X 1012 exp. (—E,/kT) =
2.54 X 105 exp. (—E,/kT)
maleic ester, By = 1.22 X 1077 X 3 X 101%2exp. (—E./kT) =
3.66 X 10%exp. (—E./kT)

The observed high pressure rate for maleic ester*!

is 1.3 X 10%exp. (—26.5/kT) but that for butene-
2'2V is considerably lower. It is given as 10° exp.
(—18.0/kT). If the activation energy is in error
by enough to make it the same as that for maleic
ester, the frequency factor is only ~ 10% Ac-
cording to the theory presented here the reason
for the low rate for butene-2 is classified as
“quantum effects” due to the wide spacing of the
energy levels for motion along the reaction path.
The levels of maleic ester are closer together and
thus it more nearly meets the classical require-
ment of the above calculation.

Now let us cousider the factor a1. A molecule
after passing the activated state has a number of
possibilities. The ratio of the rates at which it
becomes deactivated to the sum total of the
possible reactions (including the ways of returning
to the initial state) gives the factor ¢;. The rate
of returning to the initial state is just p,4; since
the activation energy is already in the molecule.
A second possibility is the deactivation in a col-
lision; the rate of this is v, where », is the fre-
quency of collision and e« is the probability for the
deactivation. Other possibilities are the transfer
of the energy to other degrees of freedom, or
“internal collisions’; these have rates a;»; where
v; is the frequency with which the possibility
occurs for transferring energy to the i'™® vibration
and q; is the probability. These last reactions are
not certain to deactivate the molecule since the
energy is still there and will return to the same
degree of freedom after a time 7, for the ¢*®
vibration. Thus the probability for deactivation
if the energy is transferred to another degree of
freedom is

QoVe
AT+ s
since ultimately collisions must remove the
excess energy. There is no dipole moment for
the torsional motion, and so the energy cannot
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be radiated very easily. Putting the above
discussion into equation form, we get

m
QoVe
Q¥ 4y T ———
cu“I'ig1 111/Ti+aolfo
- = o ©
pds + aw, + E a
i=1

There are m vibrations into which the energy can
g0.

Experimentally the isomerization reactions
discussed above (butene-2 and maleic ester) are

pressure dependent at ~ 1 atmosphere. If we
assume that all a;»; are zero, 9 becomes
8
QoVo @10 (10)

T 10 F agy = 108 F agl0?

Thus it is seen that for o1 to be pressure dependent
at one atmosphere a, must be ~ 10—  Collisions
must be very inefficient in transferring energy
from the torsional motion of these molecules,
even though they are in fairly high vibrational
states. If the o; are different from unity, «
must be reduced still further. Thus we are forced
to the conclusion that the transfer of energy to
and from the torsional degree of freedom is
difficult. This conclusion is valid even when
quantum effects are considered.

The pressure dependence which Kistiakowsky
and Nelles'™! report for maleic ester is of the
form of 12 and gives further support to the cor-
rectness of the interpretation. They give

wef(ie i

where p is the pressure in millimeters.
paring this with equation 10 we get

100 1400
a, X 10°

Com-

——%6,01.,=5X10“5

Giving a, this value makes the calculated rate
of the cis—trans isomerization reaction for maleic
acid dimethyl ester in good agreement with experi-
ment. The agreement for butene-2 is poor, and
now we shall consider the quantum treatment
which should also explain this.

B. Quantum Treatment

In Fig. 2 the placing of the energy levels in the
initial singlet and the triplet levels are indicated
in schematic fashion. These are the hypothetical
levels which would be the correct ones for the
molecule if the torsional motion were not coupled
with the other vibrations of the molecule, or with
the rotation of the molecule as a whole. In gen-
eral none of these levels can be expected to match
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exactly in the two levels. Since conservation of
energy makes impossible radiationless transitions
between energy levels which are not “in reso-
nance,” one should not expect a reaction at all for
the system of Fig. 2. There are, however, a
number of ways by which the energy levels can
be made to match.

A first method would be a direct interaction
with a translational degree of freedom. During a
collision the translational continuum could make
the energy levels match quite well. However,
this process would be bimolecular, and the ex-
perimental results of the cis—trans reactions indi-
cate that they are first order for sufficiently high
pressures. Apparently there are other reactions
which take place more rapidly than this process,
and so we shall not discuss it further.

The levels of Fig. 2 will be split many times and
displaced when the coupling with the other
motions of the molecule are considered. This
smearing out of the levels may be sufficient to
permit the transition.

A third way for the transition to take place is
for another transition to take place simultane-
ously, 4. e., resonance between energy levels for
the total molecule, as contrasted with energy
levels for one degree of freedom only as we have
been considering. This would necessitate a fairly
strong coupling between the rotary motion and
other degrees of freedom.

In quantum mechanics degeneracy does not
mean that two levels coincide to an infinitesimal
degree but that their energy difference is smaller
than the energy matrix element which joins them.
It is shown in Appendix I that the interaction
between the singlet and triplet electronic states is
less than a small calorie. This interaction is not
the complete matrix element, since an overlap of
the vibrational function in the singlet with the
rotation of the triplet enters also and this is a
small number. The energy levels must, therefore,
be quite well matched for the necessary degener-
acy. We shall assume for the present that this
condition can be satisfied and proceed to calculate
the rate of reaction.

If we consider only the torsional vibration, the
wave function for the initial state of the molecule
is written as a product of an electronic and a

vibrational part.
@in = Y161 (11)

61, is the vibrational wave function for the
n'™ level of the singlet parabolic potential.
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If this level is matched by the m™ level in the
triplet state the final wave function is

®m = Ymfim (12)

The wave function for the molecule will oscil-
late between these two with a frequency which
can be determined by means of the time depend-
ent perturbation theory. The state of the mole-
cule is

Vim = {6Pin + 1P} e2rifamt/? (13)

The ¢'s are time dependent. It can be shown
that the probability for the final state changes
with time as

2rH'y ;
h

Ci*Cr = sin? (14)

and the molecule oscillates from the initial to the
final state with a frequency H’;/h. Thus we can
write the rate with which the reaction takes place
when the molecule is in the #™ singlet vibrational
state, in the usual manner, as a ratio of partition
functions times this frequency factor.
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f " Ut Ye/AT dl

n
Y = =
f o=@+ /0e/kT dl
0

KI Ehi y e—(n + Viu/RT

, "HY
ko=

1n

where ¢, is hvo.

Now let us consider the matching of the energy
levels, Itisshownin Appendix IT that H'; ~ 1.5
X 102 calories/mole for maleic ester. The
energy levels must have a separation of this order
of magnitude or less. If we take (as in Appendix
II) a reduced moment of inertia for the internal
rotation of maleic ester 53 X 10—% g. sq. cm.2
we get h?/4r2] = 0.29 calorie. The spacing of
the levels in the singlet vibration is 125 calories.
For this distance above the triplet potential
there are 29 rotational levels. Thus the average

separation is ~ 4 &~ 1529—5 calories in this vicinity,

which is much too coarse compared with 1072,
However, these levels are split and displaced con-

©

_&+ Yk _(n+ Yayhyg

3
. oD S 4+ v e WABOTRT e FL e M
Ho = o (59) LEL — (15)
b (QamkT)Ve 872(8x3ABCY(ETY/: f Nl e =T
5 % n \1l—e T E e

k1n is the wusual over-all - correction factor.

# depends somewhat on # and so we introduce
this subscript to indicate the level, The reaction
can take place only for certain of the rotational
and vibrational states, since it is difficult to
match the initial and final levels properly; 7;
gives the fraction of the 4(5 + !/;) rotation states
which can lead to a reaction. Similarly v; indi-
cates whether the #» and m levels are matched
when there are 2 quanta of excitation energy in
the ¢ vibrational degree. Since we cannot
calculate these many factors a few simplifica-
tions will be made.

Eiy = K gg}i‘b v, e— T \/2Yhvg/ kT (e ( + {/0)kvg/RT)~1
(16)

¥n is the proper average of the v, which gives
the fraction of the time the # and m'™ levels are
matched so that the reaction can take place. Now
we proceed to sum over all levels. Since the tor-
sional vibration has a quantum of energy usually
smaller than k7, integration is substituted for
the summation. Also averages are taken for
(H/if)n and Kin.

i=1 l=0

siderably by the other motions of the molecule.
An internal rotation couples especially strongly
with the rotation of the molecule as a whole.®
Taking the moments of inertia for the molecule
as 50 X 10~® we calculate from the partition
function 8x*(8w3ABC)*(kT)"*/h3 that there are
10 rotational states. Thus there is reason to
expect enough overlapping of levels, in fact the
average separation instead of being ~ 4 calories
may well be ~ 4 X 1089

In this connection it is well to note that these
considerations do not depend very greatly upon
the details of the model proposed. It is certain,
for example, that maleic ester cannot actually
have completely free rotation on the triplet
level, since steric hindrance can prevent it for
certain configurations. This motion will be re-

(8) See, for example, Koehler and Dennison, Phys. Rev., BT, 1006
(1940).

(9) 1f the levels are spaced this closely then there are many
(1072/10~¢ = 10¢ levels) which may react with each initial singlet
level. One might be inclined to treat the problem as a transition
from a quantized level to a continuum, in which case a different
result would be obtained from that given above. However, itisto
be noted that for a given molecule there is only access to one of
these many levels at a time, and thus the treatment given above is
correct,
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duced to a torsional motion of some sort, having
a small force constant. But there will be certain
vibrations which are appreciably affected by
molecular rotations and these will be excited
sufficiently to cause the splitting described above.

Now we shall attempt to estimate v. If we
assume that the molecular motions smear the
triplet levels uniformly, then the fraction of
states which can be utilized by the molecule in
going from the singlet to the triplet is the ratio
of the width of a line®® to their separation in the
singlet state. Thus for maleic ester v ~ 1,5 X
107%/125 = 1.2 X 10~* and for the high pressure
rate of reaction we calculate ‘
kB = 1.5 X 1072 X 1.056 X 102 X 1.2 X 10~ X e~Za/*T

= 1.9 X 10¢ ¢~ Ea/kr

This rate is smaller than the observed rate by
a factor of ten, but due to the roughness of the
approximations it is in quite satisfactory agree-
ment.

For butene-2 the levels are spaced much more
widely apart and so + is smaller. Calculated as
above for maleic ester we obtain v ~ 10~% and
this gives a rate

ki = 2.5 X 1072 X 1.056 X 101 X 1078 g=Fa/kT
= 2.7 X 10° g~ &a/47

and this is a larger frequency factor than is ob-
served. We have said that the principal cause
of the smearing of the triplet states is the rotation
of the molecule as a whole. Butene-2 has fewer
rotational states than maleic ester, and thus one
should expect less success in shifting the levels
sufficiently. If we make a calculation parallel to
that for maleic ester for the average separation
of the levels in the triplet potential we obtain
~ 0.02 calorie (to be compared with 4 X 10*
for maleic acid). This is the order of magnitude
of Hf;, and so the reaction is expected to take
place. But we may well expect the rate to be
slower than that for maleic ester by a factor
4 X 10-%/2 X 10~2 = 2 X 10~* The experi-
mentally observed ratio of the rates of these reac-
tions is 10—3. There seems to be a proportion-
ality between v and the number of rotational
states as one might expect from the above dis-
cussion.

C. Reaction Rate Expression for «

The expression for k given in equation 11 is
essentially correct even in the quantum formula-

(10) For this we take the magnitude of the matrix element which
connects it to other levels,
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tion. We shall discuss the rates of the various
reactions which eppear in « from the point of
view used in part B of this section. First let us
consider the rate at which a molecule in a par-
ticular vibrational state loses energy to other
vibrations. We observe that this is exactly the
problem discussed in part B-—a molecule in one
state changes to another with which it is in reso-
nance; so by a development parallel to that by
which equation 11 was obtained, we write

B = oy = %’“ Yo 6= (n + VDh/RT(1 — g—hv/RT)

(18)
If we are just considering the molecules which
are actually in this particular state we include
the exponential terms in the concentration and

’
ni

aiy; = T Yai

(19)

H;/h is identified with the frequency ». The
actual form of this frequency factor may be some-
what different from a matrix element divided by
h depending upon the particular case. However,
it will always be essentially this; «; is identified
with v,;. There is no « factor in this rate con-
stant because we have explicitly written « in
equation 11. It is clear that the molecule will
not remain in the 5** state and the energy must
ultimately be lost in a collision.

1/7 may be just equal to a; or it may be the
sum of a number of reaction rate constants de-
pending upon how well the ** vibrational state
is connected with other vibrational states.

Now let us consider the number of states (m of
equation 11) that there are for this vibration to
interact with. Thereare (x — y — 1)!/x/ (y — 1)!
ways to distribute x quanta of vibrational exci-
tation among ¥ oscillators, There are 12 double
bond vibrations and their average quantum
should be ~ 3 or 4 kcal. Thus for 20 kcal. of
excitation (which corresponds to the final state
for the isomerization reactions being considered)
there are about 6 quanta and thus about 12,000
states. The average difference for these quanta
will be on the order of one hundred calories and
so the average separation at 20 kcal. excitation
will be 100/1200 ~ 0.01 calorie. As we have
noted earller the number of states with which
one particular state can resonate depends upon
the magnitude of the matrix element connecting
the states. In all probability two of these states
which are adjacent, differ quite radically in the -
distribution of the excitation and thus have very
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small interaction. The largest matrix elements
are between states which only differ in one or two
quanta between the initial and final states. The
probability for finding two strongly interacting
states at fairly low excitation with the same energy
is in general quite small, most likely there is prac-
tically no interaction of this state with others
near in energy and m is zero. The probability for
an “‘internal collision” should be small in this
particular case.

In this paper we are primarily interested in
“internal collisions’’ rather than collisions with
other molecules, and we shall leave the rate of
transfer of vibrational energy in collision as
a.?.. There is, however, another pressure effect
which the quantum treatment introduces and
which will be discussed at this time.

In the above discussion in part B of this section
of the density of levels we have tacitly assumed
that the molecular levels are infinitesimal in
width. If they depend upon radiation for changes
for all practical purposes this is true, because the
mean lives of oscillators and rotators are quite
long. By the uncertainty principle we have
78E ~ h/2w ~ 10— calories seconds.

1011

SE = calories (20)

An oscillator has a mean life ~ 0.1 second and
thus a line width of ~ 10— calorie.

The rearrangement of levels in our reaction
mixtures comes not by radiation but by collisions.
If a particular level has a life 7 = 1/a.w. where
a, is the frequency of collisions and », is the
probability for a change at each collision, the
breadth of the level will be

8E = 10711 @y, calories

Since collision frequencies are of the order of 10°
for atmospheric pressure a level which changes
frequently may have a breadth ~ 10—2 calories.
In case the matrix element Hj is smaller than
this, a considerable pressure effect may result
from this cause.

In the two cases under consideration in this
section, butene-2 and maleic ester, this effect is
probably not so important. The principal pres-
sure effect is most likely that described in part
A of this section.

V. Reaction with High Activation Energy

If it is assumed that the activated state is at the
point ¢ of Fig. 2, the formulation of the reaction
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rate constant is parallel to that of part A, Section
IV.

ks =k }Ehz (1 — ehg/kT) g~ Ba/kT (21)

Using the parabolic potential discussed pre-
viously and rough moments of inertia to calculate
vg, the calculated rate constants for three reactions
reported by Kistiakowsky and Smith' are given
in Table I.

TaBLE I
Compound Caled. Calced. rate Observed rate
Stilbene 50 cm.”1 1.4 X 1012 ¢~Ea/kT g 0 X 1012 (—42.8/kT
8 - Cyano -
styrene 92 2.0 X 1012 ¢~Ba/kT 4 0 % 1011 —46.0/kT
Methyl

cinnamate 63 1.7 X 1012 ¢~ EofkT 3 5 5 1010 ,—41.8/kT

The frequency factors for the first two are
approximately off by factors of five, but the third
is low by a factor of fifty. This does not take
into account the factor «, and this can probably
account for the discrepancy.

The « factor given in equation (11) is used to
correct the rate expression 28. This factor does
not necessarily bring in a pressure dependence
(experimentally these reactions have no pressure
dependence). For appropriate values of the
oyv; there can be a large decrease in the rate of a
unimolecular reaction with no pressure effect.
The slow process is actually the transfer of energy
to other vibrational degrees of freedom, after the
rotation has taken place. The formulation as we
have carried it out above is still correct. First the
equilibrium concentration of a certain kind of
molecule is calculated—the molecules which can
perform the reaction in question. Then all pos-
sibilities of reaction for these are considered and
separated into two groups: some of them lead
successfully to the particular reaction of interest
and some of them do not. The « factor of equa-
tion (11) gives the correct rate.

There are two factors which make one expect
larger values of the e for this mechanism than
the previous one. In the first place the density
of levels is much greater. Omne estimates that
there are ~ 108 levels having 45 kcal. excitation
as compared with 12,000 for 20 kcal. A more
important factor is the nature of the interactions
among the vibrations, For a plane configuration
of the molecule the torsional motion is a normal
vibration.” Due to the highly symmetrical

(11) Bonner (ref. 8) has classified the vibrations for the case of
ethylene. The other considerations in this section are by standard
group theory methods such as discussed by Rosenthal and Murphy,
Rev. Mod. Phys., 8, 317 (1936).
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nature of the potential this should still be a good
approximation when the excitation is 20 kcal./
mole. For the molecule which is rotated at an
angle § = 90° the situation is different. The
torsion is no longer a normal vibration, but
interacts with eight of the other eleven double
bond vibrations. Thus when there is enough
excitation in this vibration so that the molecule
can actually rotate, there is strong interaction
with other vibrations which are very nearly
orthogonal when the molecule is near its normal
state.

Unfortunately the actual estimation of such
quantities as the o; and v; is difficult. In fact it is
impossible at present to predict the order to be
expected for the three reactions of Table I.

VI

In Table II are assembled the available experi-
mental results of the ¢is—trans isomerizations.
It is seen that they actually fall quite well into
one or the other of our two classes. Up to this
time we have said nothing as to which class a
given compound should belong. We shall discuss
that now.

The triplet level is principally concerned with
the double bond orbitals and, being of different
multiplicity, does not interact very strongly with
other low electronic states of the molecules.
Consequently it is expected that this level should
be at nearly the same height in all of these mole-
cules, including, of course, the ones which go
by the higher route. The singlet level on the
other hand, should differ quite greatly from omne
molecule to another in the region of the activated
state. This is because one of the double bonds is
completely broken, and the energy of the molecule

Discussion of Experimental Results

JonnN L. MAGEE, WILLIAM SHAND, JR., AND HENRY EYRING

Vol. 63

now depends upon the ability of these two elec-
trons, which can no longer form a = bond, to
furnish some other kind of binding. In molecules
with phenyl groups attached to the double bond,
for example, there is ample opportunity for reso-
nance. In a molecule such as butene, or even
maleic acid, there is very little that these elec-
trons can do.

It is to be noted that the molecules which
have an opportunity for resonance go by the
higher route, 7. e., stilbene, chlorostilbene, etc.

One should expect on the basis of this dis-
cussion that the reactions with the higher acti-
vation energy should be faster than those with
the lower activation energy. This seems to be
the case. Conceivably there may be exceptions
due to specific quantum effects, but this seems
unlikely.

Two values are reported for maleic acid di-
methyl ester (see Table II). We have given
preference to that reported by Kistiakowsky and
Smith,'*Y 1.3 X 105¢™*¥*T. Tt is well to notice
that the absolute rates of these two are not far
different, although the activation energies differ
considerably. The authors reporting the second
value, Tamamusi and Akujama,lb have done some
interesting work on the effect of paramagnetic
substances on this particular isomerization reac-
tion. The fact that paramagnetic catalysts ac-
celerate the reaction gives support to the mecha-
nism involving the triplet state. The report is,
however, that the activation energy as well as
the frequency factor is changed and this is hard
to reconcile with the model as presented here.

The azo compounds'® are isoelectronic with
the ethylenic compounds and one expects a similar
potential for the rotation. There seems to be no

TaBLE 11
Frequency AH |

Compound T, °C. Pmm. factor E, (keal) isomerization
Maleic acid (liq) 140-150 e 1.67 X 10¢ 15.8
Maleic acid di-Me ester (g) 270-380 45-530 1.3 X 10% 26.5 — 6200 (s)
Maleic acid di-Me ester (g) 270-320 15-90 3.2 X 10® 17.7 —6000 (g)
Di-Me citraconate (g) 280-360 30500 108 25.0 —3100 (s)
Butene-2 (g) 390-420 100-1440 2 (?) 18.0 — 950
Me cinnamate (g) 290-387 5-500 3.5 X 10%° 41.6 —6000 (g)
B-Cyanostyrene 308-378 20450 4 % 101 46.0 Small
Stilbene (g) 280-338 4400 6 X 1012 42.8 —3000
Stilbene (1) 214-223 2.7 X 101 36.7
Mono-Cl-stilbene (1) 226-246 1.4 X 101 37.0
Di-Cl-stilbene (1) 175-196 9.9 X 10%° 34.1
4-Cl, 4-Br, 4-NO; Diazobenzene cyanide

(benzene soln.) 25-57.5 5 X 10w-101! 21.6-22

Azobenzenes (various solvents) 19-100 101-101 23.0 —12000 (21°)
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evidence for a non-adiabatic process. The reac-
tion in which the molecule stays singlet goes with
such a low activation energy (~ 25 kcal.) that
there is probably never an advantage for the
triplet state.

The mechanism of this isomerization is not
known. There is an additional possibility due to
the fact that the nitrogen atom has only two
groups attached. The molecule can change from
¢is to trans retaining a plane structure throughout
the process. However, it seems that the activated
state should consist of the molecule in which the
double bond is broken, and about the same activa-
tion energy is expected for both possibilities.

VII. Tunneling in Rotation Around Double

Bonds

Since the existence of the triplet level which
we have suggested here has not been verified,
it seemed to be necessary to investigate the pos-
sibility that tunneling could be the explanation for
the mechanism with low activation energy. In
certain cases it is known that there is a leakage
through potential barriers. For example NH;
penetrates a narrow barrier 10 times per second
in an inversion type reaction. Studies of the am-
monia problem have been made by a number of
investigators.’? They have shown that the re-
sults are not very sensitive to the exact form of
potential used. Thus we can expect order of
magnitude accuracy for the rate of the tunneling
reaction with the potential described earlier in
this paper. In Fig. 3 this potential is shown again
with the notations to be used in this section.

Following the treatment of Dennison and
Uhlenbeck™ for ammonia, we first join the two
parabolas with the straight line ¢ — & (Fig. 3) to
give a barrier of height 50 kcal. These authors
have developed an analytical expression for the
splitting of the energy levels due to the coupling
of the motion in the two minima when this type of
potential is used. The magnitude of the splitting
is a measure of the rate at which the system goes
from one minimum to the other. The splitting for
the #'™® level depends upon the area enclosed by
the lines gb and 6,8, with the parabolic sections.
Because the area is the important factor rather
than the exact shape of the potential, it is easy
to obtain order of magnitude accuracy.

(12) (a) Morse and Stueckelburg, Helv. Phys. Acta, 4, 337 (1931);
(b) Dennison and Uhlenbeck, Phys. Rev., 41, 313 (1931); (c) Rosen
and Morse, ibid., 48, 210 (1932); (d) Manning, J. Chem. Phys., 3, 136
(1933); (e) Wall and Glockler, #bid., 8, 314 (1937).
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6 =0. 6 = 180°.
Fig. 3.—Potential used to discuss the tunneling reaction
of ethylenic compounds.

As we have seen earlier it is necessary to have
exact degeneracy for such a process to occur at
all, and it will be more difficult in this case than
in the one discussed. We shall assume that this
condition is satisfied and proceed with the calcu-
lation,

In a manner entirely analogous to that of
Section IV we find that the rate at which the
tunneling reaction proceeds when the vibrator is
in the #'® level is

Bl = 52 o=t + Yal/BT (1 — g—hw/AT)

h
A./h is the frequency factor H;/h.

For the parabolic potential described above
the analytical expression of Dennison and Uhlen-

beck of A, is

Ay (1 a+ (a2 — 2n — 1)Y/: 2"+1
T O el I S
a)(a? — 2n — 1)/2] (23)

(22)

where
_ 4w ]2 _ T4xtw 2w
a = [—'—h ] 03 6y = % ] 2
I, is the reduced moment of inertia for the vibra-
tion, », is the frequency of vibration.
For ethylenie we get the rate of the tunneling
reaction in the tenth level

Elo = 7.2 X 103 ¢~ 23,00/kT (24)
and in the twentieth level
Blo = 5.2 X 1011 g~ 46.000/kT 25)

For ethylene it appears that the rate of the
tunneling is of the right order of magnitude to be
of importance in isomerization reactions. In
order to see how sensitive this result is to the
potential barrier we place the line ab lower by
5 kcal., making it at 45 kcal. The rate for the
tenth level is now increased by a factor of ten,
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Since the top of the barrier is probably in the
vicinity of 50 kcal. it is likely that there is a
tunneling reaction for ethylene and that it has
a rate in the tenth level

Elo ~ 104 g~ 23,00/kT

(26)

We now consider the possibility for butene-2
tunneling. The moment of inertia I, is larger
and we expect a smaller rate, Using the same
potential as for ethylene we calculate for the rate
of tunneling in the 60** level.

b’y = 107698 g—32,000/kT

@7

No reasonable change can be made in the po-
tential to give an appreciable rate for a butene-2
tunneling reaction. The moments of inertia of
the other compounds, maleic acid, stilbene, etc.,
are so much larger that it is quite safe to say that
the influence of tunneling on these reactions is
entirely negligible.

APPENDIX I

A, Interaction between the Singlet and Triplet States.
—Spin-orbit interaction is the reason for the connection of
singlet and triplet states. This force is rather weak for
carbon atoms, and we shall estimate the magnitude from
spectroscopic data. The term in the Hamiltonian is
e*P/2m?*? = e2MS/2m%? where M is the angular momen-
tum operator and S is the spin operator. For two elec-
trons M = My + M;and S = S; + S;. Neglecting the
cross product terms (which are orders of magnitude
smaller)

MS = M\S, + M:S; (28)

Using the orbitals of Section II above it is found that
f yirPyidr = 0. In order to have a non-vanishing
interaction between these two states, certain higher orbi-

Fig. 4.—The charge distributions which give rise to the
integral Haa. Both carbon atoms and the A and B on
the right are in the plane of the paper; A-B to the left is
rotated by 30° to thjs plane,
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tals must appear in either ¢1 or yin. By an application of
P on y1 we find that instead of ym1 we must have

, 1
Y = o8 [(Pxa (1) + Pxy (1)) {(Pra (2) — Py (2)) +

4P (2) + Py (2))} — (Pxe (2) +
Pap @N{(Pra (1) = Pyp (1)) + @ (Paa (1) +
Py (1))}] ares  (29)

where d is different from zero. The integral f y{iPys dr
does not vanish. The interaction energy is

e? d
Sorig J vt Pyp dr = 7% (30)

where
h?  g? 1
$ =4—1|_—,wa:3 (l)ﬁd‘r

Now the constant d must be evaluated. From perturba-
tion theory
4 = S1Pe @ + Po DJH(Pa (1) + Pu (1)} dny

- Ex - Ez =

Hj, — H},
E, — E,

where H’ is the perturbation energy, Ex the energy of the
orbital Pxa + Pxb, and similarly for E,. Hj. and Hj, are
the integrals defined by the equation,

If the substituents are neglected both of the integrals
Hjs and H/n vanish identically. The only perturba-
tions which can give a non-vanishing d are interactions
with the substituents. Further, for plane configurations
of the molecule ¢ vanishes because Px is orthogonal to the
plane. For the rotated configuration at which the crossing
takes place, however, the groups on one carbon can per-
turb the other carbon sufficiently to cause a non-vanishing
matrix element.

The integral Hj is zero to a good approximation since it
involves an overlap between two carbon atoms. From
Fig. 4 it is seen that the perturbations of the groups A and
B are of opposite sign and thus tend to cancel each other.
In ethylene itself, for example, H{s is identically zero.
The part of H{, which depends upon A can be broken up
into two parts one of which gives a fraction (depending
upon the angle of rotation) of the interaction which a
P function on a directed toward A would have; and the
other gives a fraction of the interaction of a P function di-
rected at right angles to the line joining a to A. These
interactions have been estimated by means of Morse
curves. It was assumed that the magnitude of the inter-
action when the P function is directed toward A is given
by 0.4 of the Morse curve energy. The perpendicular
interaction, in absence of better information, was taken
as one-fifth this value.

Ex — E. was taken as 100 kilocalories/mole. The exact
value of this difference is not known, but this estimate is
most likely correct within a factor of two.

It was assumed that the triplet surface cut the singlet at
25 calories and the potential described in Section IIT was
used to obtain the configuration of the molecules at the
crossing point. The integral { was obtained from the sing-
let—triplet separation in the lowest state of carbon. As
given by Bacher and Goudsmit this is 28 cm.™ 1.

The values of d and the singlet—triplet interaction, e,
calculated in this manner are given in the table.

2 (31)
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d ¢, cal.
Butene 0.0452 0.516
Maleic acid ester .030 .342
Stilbene .0584 .667

B. Calculations of p;.—For small values of € the formula
for p; becomes
4722

P = w !Si — S{| (32)

Taking » = § = 10 radians per second and 1S; — S;!
as 40 kilocalories we get

pr = 1.04 X 1078 ¢?

where e is given in calories. Using the e values above we

get the following values

Butene 2.76 X 1077
Maleic ester 1.22 X 1077
Stilbene 4.63 X 107

APPENDIX IT

The Matrix Element H;;.—In Section IV we have used
the quantity

(Hi,f)n = f‘bit H' &y dr = f‘r”l* 0:, H' 111 O dr

(33)
Except for the spin-orbit interaction ¢1 and i do not
combine at all; so for H’ we take the spin orbit operator of
Appendix I.

(Hip)o = S ¥i H ym dra f 65 61w droin

= ¢ Smm

34

Som is the overlap of the wave functions for the torsional
motion in the two different potentials. ¢ has been evalu-
ated, so only Sum must be calculated now.

We take the wave functions for the two potentials as

0in = Np e—n*/: Hy(n)
1

vV 2r

The first of these is the wave function for a harmonic oscil-

lator. Ha(n) is the n® Hermitian polynomial and N; is
the normalization factor
1 1/4
2nnl s

a\Y:
%= 1(3)
V0.

with « = 4w2fLwo/h and n = I: is the reduced
moment of inertia for the torsional motion and ¢ is the
angle of rotation.

The second function is just that Som =
for a rotator.

Using these functions it is quite
simple to evaluate the overlap integral. The generating
function for the Hermitian polynomial is now introduced

Otm = eimd (3 5)

an!H,, (n) tr= en*—(t—n)? (36)

and to a high degree of approximation we obtain

n _n—1

S 1\Yenl)/: 2 g Oor 35—
= () R e 3

The summation of j runs to the #/2 or (n — 1)/2 depending
upon whether # is even or odd.

\/ 25 Nulml PER 1/ 4 )‘l 1—aﬂ)fl(—(1—aﬂ)f
2 2 1
62+12n-i2—ml=10r0ell+6 t/\1 + 82/ jl 1+ 52

1 1 21 m\n—2j
T = (Tx) @7
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For Lutcue-2 the reduced moment of inertia I, is calcu-
lated as 1.08 X 10-# sq. cm. Using the constants of the
potential given earlier, a is found to be 60.345. The
separation of levels in the singlet potential is 890 calories
(as calculated); so the value of % is approximately 20.
The values of Sum oscillate from positive to negative as m
increases, with an average value ~0.05 as determined
from the first ten values of m (see Table IIT).

TaBLE III

S20,m
0.114
.0755
— .00862
— .0865
.109
- .0627
.0245
.107
— .00369

S0 DU R W~ O §
|

—

For maleic ester the reduced moment of inertia is taken
as 53 X 10~% g. sq. cm. The separation of levels in the
singlet potential is only 125 calories; so the appropriate
value of # 1s ~ 200. There are 100 terms in the series
giving the values of Sa0,m and so the actual calculation was
not made, but apparently the values are approximately
the same as those for butene.

If 0.05 is used as an average value for Som, the matrix
elements, His are: maleic ester 0.3 X 0.05 = 1.5 X 1072
butene 0.5 X 0.05 = 2.5 X 1072,

It was pointed out previously that there cannot actually
be free rotation in the triplet state in most cases. How-
ever, the magnitude of the overlap does not depend very
critically on the particular wave function which was used
for the triplet state. If this function is taken as a har-
monic oscillator eigenfunction with a much smaller force
constant than that for the singlet state essentially the
same result is obtained. We shall make this calculation
now. Taking for the triplet state

O = NuHin(dn) e—0™M%/s (38)

Here 5 = v/a'/a and o« = 4x2l,v/h, the primes indi-
cating the triplet state. The generating functions (equa-
tion 36) are introduced and the integration is carried out as
before.

The values of Sum are found as coefficients in a power
series.

39

The summation is to be made as follows. The largest
value of [ is the smaller of # or m, and ] is summed over
alternate integers to 1 or 0. For each value of J, 7 and j are
determined

i=(n—1/2
j=(m—=1/2 (40)
Taking 6§ = 100, # = 20 values of Sam

are found to vary more regularly than for
the rotator functions (Table IV). The
origin for the triplet oscillator is at the
same place as for the singlet, so odd and even states
do not combine, The magnitude of these overlaps is


S20.n1
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just about the same as the ones reported .bove.

TABLE IV
m Sz0,m

0 0.0597
2 — ,041¢
4 . 0360
6 — .0326
8 .0302
10 — .0284

Summary

A model of the potential for rotati»n about
the ethylenic double bond is presentec and the
possibilities for two types of isomeriza‘ion reac-
tions are discussed. One is an adiabatic reaction
which has essentially the ‘“‘normal’’ jproperties
for first order reactions. The other is a non-
adiabatic reaction which has a very small fre-
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quency factor. It is shown that this small factor
arises from two causes: (1) the interaction be-
tween the two potential surfaces concerned is
rather small; (2) only a few of the states in the
final potential are available to the molecules in
the initial potential. Absolute reaction rate
expressions are given for the rates of these reac-
tions and the calculated rate constants for the
isomerization of maleic dimethyl ester and bu-
tene-2 (which react by the non-adiabatic mecha-
nism) are in satisfactory agreement with experi-
mental values.

The possibility for tunneling is considered and
it is concluded that there is vanishingly small
probability for this process.
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Thermal Data.

XIV. The Heat Capacities and Entropies of Some Compounds

Having the Peptide Bond

Bv Huea M. HUFFMAN

The peptide bond is of primary importance in
the structure of proteins. As the initial +tep in an
investigation of the energetics of this bond we have
determined the heat capacities of glycylglycine,
alanylglycine, leucylglycine, hippuric :.cid and
hippurylglycine. These data have beer utilized
to calculate the entropies of these compounds.

Experimental

In principle the method of Nernst was employ :d with an
aneroid calorimeter to determine the ‘‘true’’ sp:cific heat.
The details of the method have been described :lsewhere!
so that only a brief account need be given, In Ek-ief it con-
sists of supplying, electrically, a measured i mount of
energy to the gold calorimeter containing the substance
under investigation. To ensure rapid attainment of
thermal equilibrium, the substance is pressed nto dense
pellets, about 2 mm. thick, and spaced along th:- centrally
located thermocouple well by means of thin :old disks
which are in good thermal contact with the wulls of the
calorimeter. The electrical measurements of current and
voltage are made on a “White”” double potentiometer by
the proper use of accurately calibrated resistances, Time
measurements are made by means of a calibrated stop
watch, The temperature measurements are made by
means of the White potentiometer in conjunction with
a single junction copper—constantan thermocounle. This
couple is periodically standardized against one of the

(1) Parks, THIs JOURNAL, 47, 338 (1923).

couples calibrated in the investigation of Giauque, Johns
ton and Kelley.?

Materials,.—The di-alanylglycine was a commercial
product obtained from Hoffmann—IaRoche, Nitrogen
determinations by micro Kjeldahls gave 99.7% of theo-
retical, The ash content was less than 0.1%.

The dl-leucylglycine was given to us by K. Linderstrgm-
Lang; according to his analytical data he found 100.1%,
of the theoretical carboxyl groups and 99.6% of the
theoretical amino groups. Nitrogen analyses by micro
Kjeldahls gave 99.8% of theoretical.

The hippuric acid, hippurylglycine and glycylglycine
were ‘‘Analytically Pure” products obtained from the
Amino Acid Manufacturers and were guaranteed to be not
less than 99.5% pure.

The heat capacity data in terms of the defined
conventional calorie (1 calorie = 4.1833 int. j.)
are given in Table I. The entropies of these
compounds have been calculated by a graphical
integration of a plot of C, against In T over the
experimental range and by the extrapolation
method of Parks, Kelley and Huffman? from 0 to
90°K. The molal entropies of these compounds
are given in Table II. We estimate that the ac-
curacy of the experimentally determined quan-
ties is 19, or better. It is not possible to make a
reliable estimate of the uncertainty in the extra-

(2) Giauque, Johnston and Kelley, ibid., 49, 2367 (1927;.
(3) Parks, Kelley and Huffman, J, Phys. Chem., 88, 1802 (1929).



