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Chemistry. — “On welocities of reaction and equilibria.” By Dr. F.
E. €. Sceprrer. (Communicated by Prof. A. F. Horineman).

(Communicated in the .meeting of January 25, 19183.)

1. In a previous paper in conjunction with Prof. KonNsramu?).
I discussed the relation between the velocity of reaction and the
thermodynamic potentials of the substances participating in the
reaction. It then appeared that the velocity of a reversible reaction
‘may be given by the expression:

w—F  ugp—F
de RT RT
———=~C{e —e 7 e e 1)

in which y; represents the sum of the molecular thermodynamic
potentials of the substances of the first member, g, the sum of
the potentials of the substances of the second member of the reaction
equation. The constant C accounts for the choice of the unities of
concenlration and time, and has therefore the same value for all
reactions when the same unities are used. We have shown that the
function " possesses the same value for both partial velocities, that
it is independent of time and volume, and that it is equally in
relation with both systems before and after the reaction. As further,
quantities of .energy and entropy must occur in the quantity F, we
have tried to make clear that in general in case of chemical reac-
tions “intermediate states” mnst be assumed, and we have pronounced
the possibility that the energy and entropy of these transitional states
are the only quantities dependent on the nature of the substances,
which occur in the function Z. By entropy we mean here the
entropy “free from concentration”; we have namely shown in our
cited paper that /7 is independent of the concentirations in case of
gas reactions and reactions in dilute solutions; hence it can contain
no terms originaling from Gisss’s paradox. The value of the two
partial velocities would therefore be determined according to this
hy the difference in energy and entropy (free from concentrafion)
of the reacting substances and the transitional state. This in my
opinion obvious assumption comes to this that both the difference
of cenergy and the difference of eniropy between the first and the
second system must be split up inlo two parls; the fifst part then
gives the differences of energy and entropy of the first system with

1) These Proc. Jan. 1911. p. 789,
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the transitional slate, the other the differences of the second system
with this transitional state.

As far as the valnes of energy are concerned such a solution was
already proposed by van’t Horr in the Etudes de dynamigue chimique
and recently also Traurz has tried an analogous splitting np of the
values of energy, as we already meuntioned-in our previous paper.
Though in his earlier papers on reaction velocities Traurz considered
a universally holding resolution possible. against which we thought
we had to protest in the ciled paper, Travrz has introduced as pos-
sible ways different fromn reaction to reaction in his lafer papers, and
with them different ways of splitting up, so that as far as the
values of energy are concerned the difference between our considera-
tions and those of Travrz has partly disuppeared. Yet also in this
respect a difference continues to exist in our views, for TrAUTZ exe-
cutes the splitting up of the encrgy at the absolute zero, and it
seems more plausible to me to attribute the course of the reaction
to the difference of energy at the reaction temperature. For the
present it will cerfainly not be possible to obtain a definite decision
of this question, as for the greater part the quantities occurring in
the expressions for the velocily of reaction, have not yet been
measured with sufficient accuracy, or sometimes are not even liable
to direct measurement. B

With regard to the splitting up of the entropy the difference
between the mentioned views is still greater. Whereas. Traurz does
not execute a splitting up of the enfropy and introduces'the absolute
value of thé enfropy of the reacting system into the equalion of
velocity making use of the integration consltanis of the vapour
pressure, an analogous splitting up secms necessary to us also for
the entropy, especially when we adopt the views which Borrzmann
has expressed on chemical actions in his Gastheory. -

In the cited paper we have illustrated by the example of the
chlorine-hydrogen equilibrium, how we think we have to imagine
the transition slates occurring there. If we adopt the standpoint of
BortzMaNN’s theory, we must assume that the two hydrogen atoms
in the hydrogen molecule are bound, in consequence of the fact that
the “kritische Raume” of the two hydrogen atoms cover each other
entirely or partially, and also those of the two chlorine alomns in
the chlorine molecule. If we now inquire inio the reaction between
a chlorine and a hydrogen molecule, we must iinagine that the two
molecules gel so close f{ogether that the four “krilische Rédume”
of the four atoms will enfirely or partially coincide, so that the
four aloms are in each others’ sphere of action. After this transitional
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state a separation takes place of the “kritische Rdume” of the
hydrogen atoms and the chlorine atoms inter se, the dissimilar atoms
remaining bound. Hence the energy quantity //mustbe the energy which
prevails, when the four “kritische Rdume” coincide, while the value of
the entropy must take account of the volume of the coinciding Réaume.
When we consider that the difference of energy between the
reacting substances and the fransitional state is no more to be cal-
culated apriovistically than any other chemical change of energy,
and that as yet we have no means at our disposal either, to predict
the volumes of the “kritische Raume” by the aid of fhe properties
of the substances, it is clear that we cannot test the above conside-
rations except by examining whether we can assign plausible values
of the energy and the emwropy to the transitional states to get into
harmony with the known malferial of facts. It is true that Nurnst’s
theorem of heat, in the form as it is conceived by Pranck, fixes
the valnes of the entropy of solid substances at the absolute zero,
so that the entropy consiants of the gases are brought in relation
with the integration constants of the vapour pressure, but even if
one is convineced of the validity of the theorem of heat, yet the
imperfect knowledge of the specific heals presents too great a diffi-
culty up to now to calculate entropies a priori. With regard to the
transitional states such a calculation is a fortiori impossible, as the
facts known to us indicate that these transitional states greatly vary
for different reactions, and are e. g. greatly influenced by catalysers.
When we now inquire into what the material of facts can {each
us with regard lo the transitional siates, we will examine in the
first place whether the energy in the transitional state is greater or
smaller than in the initial or in the final state, or whether it perhaps
lies between these two latter values. To answer this question I will
(o keep the considcrations as simple as possible), consider a reac-
flon in a rarvefied gas mixture that completely takes place in one
dircetion. In this casz the second partial velocity has a negligibly
small value compared with the first. The velocily of the reaction is
then represented by :
w— I
—ﬁzceﬂ”........(z)
If we now insert the value of g, for the dilule gas-mixtuve,
which according to our preceding paper may be represented by:

¢
W= 21)180[ — ’J'E‘vpgoj + Ev,‘ﬁ,ldﬂl‘—-ﬂ'i'v/f—fl dl + L ®)
+ RI'Svine + RIZv;
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into equation 2, in"which we wrile &-— T for F, where & and 7,

represent the above values of energy and entropy of the transitio-

nal states, and in which we separate the functions of concentration

as separate factor, we get :
de _

—a =

-

C)
Ev,501—7'21*1710r+21:{fc,[dT— :r>:v,f AT RIS vp-e T

—Ce RT e (4)

In this equation wc¢; represents the recurring product of the con-
centrations of the reacting substances. The factor of ac, is the so-
called constant of velocity and is generally represented by the letter
k. If we now determing the value of Mk and differentiate it with
respect to 7', we find:

dink E”’E°1+2”lf“’sz & 1 fde,  d

ar RI +ﬁ§5'—§i‘(dz‘“1cﬁ

If now ¢ and %, have the signification of energy and entropy

(free from concentration) of the transitional state, the last term of

the second member of equalion 5 is zero; this is clear when we

consider that /=g — Ty, can contain no functions of volnme.
Hence equation 5 reduces to

dink & —g

4T~ RTT

in which & represents the energy of the first sysiem at the tempe-

rature of reaction.
If we now return to the revevsible (gas)-reaction, the velations

(5)

(6)

dlnk,zﬂ:—__s_[ an dink, By
ar R1? ar RI™
will exist for the two partial velocities.

Hence the splitting up of the energy difference & — ¢, into
two pieces & — & and &— ¢, is very prominent. If we now con-
sider that in general the velocily of chemical reactions increases
with the {emperature, it is clear that & will be greater than e
and &;;. The energy of the transitional states is therefore greater
than the energies of the systems before and after the reaction.
Accordingly this result necessarily leads us to the following concep-
tion: On coincidence of the “kritische Riume” of the reacting
molecules gain of energy takes place, in other words there is work

()
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done against repulsive forces; the transitional state possesses there-
fore a mazimum of potential energy.

As is known when molecules draw near to each other attraciion
takes place; this led us to expect in our previous paper that the
transitional state would possess a mimimum potential energy. As
appears from the above consideration at such a distance that the
“leritische  Rdnme” invade each other, the repulsive forces out-
balance the attractive forces and oppose therefore the invasion of
the sphere of action.

A similar conclusion concerning the energy of the transitional
states occurs already in Trautz’s first papers. He imagined that the
-transitional state consists of free atoms. It is then clear that this
state contains more energy than the initial and the final state, since
heat will be required for dissociation into ‘atoms. That TravTz makes
this resolution take place al the absolute zero does not involve an
essential modification. For this guestion is in close relation to the
question whether it is allowed with regard to these transitional states
to speak of specific heats, or wbat is the same thing of a mean
value of energy at a certain temperature. And so far as is known
the difference of temperature between the reaction temperature and
the absolute zero generally causes no reversal of the sign of chemical
lieat-effects.

2. Before entering into a discussion of the energy and entropy
valnes of the transitional states, I shall insert here some considera-
tions on the energy and entropy differences between the systems
before and afler the reaction, referring to a paper on gas-equilibria
that has appeared earlier in these Proceedings ). The algebraic sum
of the cntropies of the substances participating in a gas-reaction was
represented in the cited paper by:

T .
. ] ul ¢ o o
Sl = Zally—, ~y-2nf7;‘d]——R.‘anlnc. T C5))
1==1
1

If we join the first {wo terms of the second member of equation
8, and represent it by Znfl.—. (the entropy free from conceniration)
this equation passes into:

Enll = 2ol —RZnlne . . . . . . (9)
According to the cited paper the equilibrium condition for the
gas mixture is:

- 1) These Proc. Dec. 1911, p. 743.
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Zap = 2aE—-TZnH |+ ZaRT =0,
If in this we introduce the entropy free from concentration, this
equation may be written as follows:
ZnlE —-T3nll— + RTZninec + ZnRT = 0.

If we now express =nlnc by K., in which therefore K, repre-

sents the so-called equilibrinm constant (in cbncentrations), then :
RTWK, = — ZaE + T3nl——3nRT . . . (10
Differeniiating this equation with respect to 7" after division by
RT, we easily find the well-known equation of Van 'r Howw:

dinK, 2nkE
s a
If we now imagine Znl to be a very weak temperature function,
which may be put practically constant over a limited temperature-
range, equation 11 yields on integration : '
SnE

W= — S +Co oL (19)
On comparison of equation 12 with 10, it appears that on this
supposition also the enlropy free from concentration may be put
independent of the temperatnre. This conclusion is moreover also
clear when we consider that both the change of =nZ and that of
=nH.~, with the temperature is exclusively determined by the value
of Znc,. If therefore really the value of Z'nc, in a certain range
of temperature is negligibly small, the observalions in this range
may be represented by equation 12, in which two constants occur:

ZnE
, the change of energy divided by the gas constant, and C,

which contains the change of entropy and the gas constant.

And inversely when il appears that the constant of equilibrium
as function of the temperature may be represenled in an equation
with two consiants like 12, a measure will be found in the value
of these constants for the change of energy and entropy during the
reaction. If therefore in one graphical represeniation R/nK. isrepre-

1
sented as function of 7 and in another TInK, as function of 7, and

if the observations in the first graphical representation give a straight
line, this is also the case in the second. The inclination of the line
in the first representation yields the energy value, that in the
second the value of C in equation 12, so the eniropy value, at
least if the fact is faken into account that according io equation
10 C also conlains the gas constant and Zn. If we now assume
that the observalions have been made with great accuracy, in gene-
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ral the curve in the first graphical representation will deviate
from a straight line. If we now connect two points from this
graphical representation, the slope of this straight line will indi-
cate the value of energy which belongs to a-temperature which
Jies between those of the two connected points. It will then be
clear that if we wish to determine the energy value in a similar
way, the found value will differ the less from that which corre-
sponds to the two observalion temperatures as =nc, is smaller. Hence
the energy value will also be found with the greater relative accu-
racy as the energy value ifself is greater, i.e. the energy found
graphically will then proportionally differ only little from the energy
values at the observation temperatures. If we now fill in the graphi-
cally found value in equation 12 and if we apply equation 12 to
the two observation temperatures, a too great value for the energy
difference will have been chosen for the one temperature, a toc
small value for the other. For a temperature between the two
temperatures of observation the energy value is then chosen exactly
vight; hence the correct entropy value has therefore been yielded
by equation 12 for this temperature. Therefore when equation 12
is used the found values of entropy will deviate somewbhat from the
veal ones at the two temperatures of observation.

If we denote the two temperatures of observation by 7} and 7,
and the temperature for which the graphically found valoe of the
energy holds, by T,, and if we imagine the value of energy found
at 7%, and the corresponding entropy substifuted in equation 10, we
may question what deviation equation 10 gives uns for the values
of K, at the temperatures T, and 7). The error made in the energy

T,
. dSnE i
when we apply equation 10 as 7, amounts to =7 d7, that in
(4!

Ty
d:S?ZHvzl

the eniropy-term amounts to 7 o7 —d7. If we now consider

-7
that the energy and the entropy occur with opposite sign in the
second member of equation 10 and that
- dEwE__ P dEnHy—)
T
we see that thesc two errors cancel each other for the greater part
in the second member of equation 10, and that therefore in spite
of these approximations a pretty accurate value of K. can be found.
This fact .cxplains why notwithstanding an appreciable value of the

]
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specific heats many gas equilibria can be accounted for by means
of two constanfs, not only over a small temperature range, but
sometimes even over a very large one, at least if the observations -
are not particularly accurate. The dissociation constant ol the nitrogen
tetroxide can e. g. be expressed by an equation or the form 12
(ScHREBER’s equation), and also the dissociation equilibrium of car-
bonic acid, the errors of observation being comparatively large here,
can be accounted for by equation 12 over a temperature range of
hundreds of degrees.

These considerations teach us accordingly that observations of
equilibrinm constants with comparatively large energy and entropy
values enable us to calenlate them pretty accurately, but that gene-
rally no conclusion can be drawn about the influence of the tempe-
rature on energy and eniropy, the errors of observation being
generally {oo great for this. Thus the above formula of ScHREBLR
enables us to find a mean value for the heat of dissociation of the
nitrogen tetroxide and for the “kritische Raum” of the NO,-mole-
cule '), but the influence of the temperature on either is not to be
derived from the measurements of the eqnilibrvium.

3. If we now return to the reaction velocities, we can also apply
the considerations mentioned in the preceding paragraph here mutatis
mutandis. Equation 6. which indicates the dependence of the velocity
constant with the lemperature, presenis great analogy with van ‘v
Horr’s equation of equilibrium (equation 11). If #/—e; is a very
weak temperature function, equation 6 yields on integration:

E—&
lnlc_————RT —B,. . . . . . .19
in which as appears from equation 4+ B does not contain any
constants depending on the nature of the substances, except the
difference of entropy. So in this case too the difference of entropy
between initial and transitional state is practically independent of
the temperature. Here too we can therefore graphically represent

1 .
Rlnk as fanction of and determine the differences of energy

‘j; 3
between initial and transitional state. 1t seems thereforc nataral to
examine whether the material of facts referring to the reaction velo-
cities can be represented Ly equalions of the form 13, where e,—s¢,
and B are considered as constants.

In his Etudes de dynamwique chimique van v Howr for the first
time gave an expression for the dependence of the velocity con-

h Bortzsany. Gastheorie [L. § 66.
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stant on the temperature. Led by his relation ef equilibrium (equa-
tion 11) he pronounced the supposition that for the velocity constant
an equation would hold of the shape:
dink A
TZ—’J—‘_ZI’—‘_}-B""""(M)
This equation has been repeatedly put to the test in later times,
generally, however, for reactions in dilute solutions. First of all the
question suggests itself whether the considerations which have led
us to equation 6, may also be applied to dilute solutions. Though
the velocity of 6 for dilute solutions cannot be rigorously proved,
an application also for these reactions does not seem open to serious
objections. We have, namely, tested our original equation, by reac-
tions in dilute solutions in the cited paper; it proved to be able to
account for the counrse of reaction, and the reasons which led usto
the assumption of transitional states, hold unchanged also for reac-
tions in solution. Accordingly the shape of equation 6 leads us to
expect that this will be generally valid. Van 't Horr’s equation
(equation 11), moreover, holds also for equilibria in dilute solution,
and it is therefore certainly natural to assume, that the splitting up
of the value of energy will be essentially the same for all reactions.
Van ’r Horr’s equation.is generally not applied in the form as it is
given by 14, but in the form which arises when either 4 or B is
put zero in 14. The expression which arises by the introduction of
zero for B has been later defended by Arrmenivs, and has appea-
red to be compatible with a great part of the material of facts. If
however, one puts B -equal to zero in 14, really equation 13 is
obtained by integration, and all the reaction-velocities which satisfy
ArrpeNIUS’ expression, can therefore be represented with the aid of
the two constants & —e, and B.of equation 13. Reversely equation
13 furnishes us also with the possibility of pretty accurately calcu-
lating the differences of energy, at least if they are not too small;
the absolute value of the difference of entropy, however, remains
unknown, because B among others cuntains the unknown constant,
which accounts for the unity of concentration and time. The above
considerations, however, suggest that besides the difference of
entropy 5 will not_contain any constants dependent on the nature
of the substances. In perfect analogy with the conclusion of § 2 we
conclude also here that measurement of reaction velocities, at least
if they have not bheen very accurately executed cannot decide whether
the difference of energy and of eniropy depends on the temperature.
I will apply the above considerations in my next paper fo a
series of experimental data from organic chemistry.
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