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It seems quite reasonable to choose the velocity of a reacting
system as the measure of the affinity of that system; but this is a
merely superficial observation, because the velocity of a reacting system
is not only a function of chemical affinity, but of temperature, pressure,
light, catalyser etc. For instance, notwithstanding the great affinity
of the detonating gas mixture of hydrogen and oxygen, its reacting
velocity at room temperature is so slight that its practical measure-
ment is impossible. Thus we have a very interesting problem con-
cering the relation between the chemical affinity of a system and its
velocity of reaction. Nernst' introduced the term chemical resistance
with a definite meaning to express the lelation.

The author here represents a study on the amount of chemical
resistance and its signification.

Definition of Chemical Resistan ce.

As an expression of a reaction we will use the following :
v A At . == VALV A (1)

where A4y, 4, ... A'y, A's, ... are reacting substances and vy, v,, ... ¥y, Vs, ...
their molecular coefficients. The reaction must proceed in such a
manner that the free energy of the system.shall diminish as required
by the second law of thermodynamics, and the rate of diminution of
the free energy be controlled by the resistance of the reacting system
against the work done by this reaction. Nernst has expressed this re-
action in a form analogous to the Ohm’s law in electricity, namely

1 Theoretische Chemie, 7. Anfl, p 705 (1913).
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Chemical force
Velocity

Chemical resistance =

or
dx F (2)

at n

where @ is the velocity of the reaction and x the number of gram-

at
equivalents per litre transformed duting the reaction. /& and N desig-

nate the chemical force and resistance 1espectively. Let Z be the free
energy of this system, then ——‘%— is the 1ate of diminution of the
[4

free energy during the 1eaction, namely chemical force or, in other
words, a tiue expression of chemical affinity at that instant. Thus we
have the following 1elation :

Affinity

Chemical resistance = ————_2 |
Velocity

Calculation of Affinity.

We can not deteimine the absolute amount of free energy of any
system, but only estimate its diminution, namely the maximum work
done, from the concentrations of 1eacting substances at the initial state
of the system and those of the final state. If A4 designate the maxi-
mum wotk done by this system to establish the equilibrium, then

dE dA4 (3)

dvr  dx

It has been shown by van’t Hoff that the maximum work done duiing
the reaction (1) will be expressed by

v V3

A = RTI“W"‘RTM K (4)
where 9 is maximum work and (i, G, ... are the concentrations of the

1y Ayl

. . oV gV ...l

reacting substances before the 1eaction. X stands for X =1—)—+—— ,
6'1.1 6'2‘2 ......

o, 6, ... being the concentrations when the equilibrium was attained,
and is the equilibrium constant. But it must be noted that the above
formula of maximum woik does not express the real maximum work
done by the actual reaction; it is only an expression of maximum
woik done when the reacting substances on the left side of the equa-
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tion are completely transformed into those on the right side according
to the scheme of the equation, all substances maintaining their initial
concentrations duiing the reaction.

Now we will calculate the maximum work for a more actual case,
that is, the work done duiing the progress of the reaction towards the
equilibrium in a gaseous system, or in a dilute solution, where simple
gas laws are applicable. If we denote the initial state and the final
or equilibrium state of the 1ieaction by (I) and (II), and their free
energies by /A and F, respectively, we have,

A= F—Fy.

Now F=U-7S, &= S—_U_';f_V

where U is the total energy of this system, .S entropy and @ thermo-
dynamlcal potential.
Then 70 = IS—U—pV = —F—pV,
therefore = —pV—T0 = —(R+O) T
and we have A=F—Fny=—R+P)T+(R+P)T=T(Px— @). (5)
That is to say the maximnm work is equal to the product of the differ-
ence of the thermodynamical potential and the absolute temperature.
Let &1, g, ... be the molecular potential of the reacting substances
in the initial state, and @, gL, ... be those in the equilibrium state,
then _
&y = 2u; ¢ = 3 (,—RIn(y)
Dy = Int @7 = Znl (B, — Ring,) }

(6)

where 7}, 7%}, ... and C,, G, ... aie the numbers of mols and the con-
centration of Ay, A,, ... in the initial state, and #, 7%, ... and ¢, cs, .-
those in the final state respectively, and 2 in eq. (6) refers obviously
to all substances partaking in the reaction on both sides of the equa-
tion. And @,, ... are functions relating only to temperature and pres-
sure, and independent of concentrations. If the reaction proceeded
isothermally under a constant pressure, these functions would remain
constant during the reaction. Now we may calculate 4 from eq. (6).

Oyp— O =23 nf‘(gl— Rlne)— Z'n}(ggl— Rin(y)
= (1 —l)g,— Znit Rlne,+ ZukRInC,

Adding the terms -+ 2%Rlne— 3ulRlne, to-the above expression, it
follows that
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Oy— O; = S(nT—nl)gp,— Sl — D) Rlne, + REn{(InC,—Iney). (7)
If the system be in equilibrium
(@~ Rlng)y; =0

or vilnc+ vilne+...... = uft yﬁﬁ_ 2ttt = InkK (8)

where X is the equilibrium constant and to the molecular coefficients
of substances on the right side of the reaction scheme (1) »/, ¥/, ......
negative sign are assigned.

Fiom (8) it follows

10— 71} = uf—n u . v 7 v,
¢II— @I = — Z'Vl ¢1‘—*—-—.1 R Yy In £1+.R —J—;(ln Cl —In Clvl)
1 41 i1

I X Ir__ I
=BT Rpln K- B8 Rin K+R 2%— (In C~In en)
1

Yy Vi

I

1 . .
R Z'—f—l (In Cit—1nc).
1

T
The reason, that in the above expression, 22 "1 can be placed out-
v

side of 2%, is as follows: Let the change of number of mols of 4;,

Ay, «evso. during the reaction be dzy, dn, ...... , then the relation &, : dn,
It
<o = ;1 Y, ... always holds, and #f'—7] = — f dny, therefore ﬂ-ﬁ,
1

are all equal to one anothei.
Now we have

I \
A= T(Py— @) = RTS ™ (In Ci1—In &)
!

= RT3 #(ln G—Ing,). ©)

This is certainly the value of 4 in the expression —{fo— = ‘;ﬁ , which
express the affinity at any instant during the reaction. Now by means
of equation (9) we will elucidate’the method of calculation of the maxi-
mum work ¥, found in van’t Hoff’s expression. For simplicity, the

following reaction will be taken

A+2B 2 C+2D

when one mol of 4 and two mols of B act, the maximum work A4,

is given by (9) as follows:
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A, =RT > (1na —lngY)

= RT% In CA+RT% In Ci— RT%ln cA—RT% Inc
= RTIn C; Ci—RTln ¢, c2*

On the other hand, let the maximum work, when one mol of C
and two mols of D act, be 4;, then we have similarly

Ay =RTIn Co C3— RTIncged

And the difference A4,—A4, is the maximum work done when one mol
of 4 and two mols of B have tiansformed into one mol of € and two
mols of D, that is

N =A,~4,=RTInCyC3—RTIncy c—RTInCeC3+RTIncpel

= CuCs Labn ) €B Cs C3
RTn ey RT1In zocl = = RTIn ey +RTIn K.
Now we will calculate the expression for affinity %— When

2y, is zero, that is, when during the reaction the total number of mols
do dot change, or, in the case of dilute solution, when the number of
mols transformed is negligible in composision with the total number
of mols, we have

7 X 7
G = —ZV— n = j\ C;_
where V is the total number of mols.
Then, A=RTNZXC (In C,—Ing). (10)

The maximum work done when the concentration was diminished by
x equivalents :

A_, = RIN 2 (Ci—v#) {In (C,—vix)—In ¢i}.
Thus, chemical force or chemical affinity is

F o= a4 _ A[RTN 3 (G—v#){In (G—vx)—In ¢} ]
dx dx

d{(G—rx) In (C—vx)}

dx

where

= —p, (In (G—yx)+ 1),

* The limiting values of zglrz Co,22p/n Cp when x=0 are equal to zero.
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d(G-px)In o} _
ax

Therefore we have iflfg = RTN {—ZIn (C;—vz)r— 2y, + 3 In g1}

—ylng,

=RIN {ZIn(Ci—wa) "+ Zlnem}.  (11)

But, when during reaction some change takes place in the number of
mols in the system, 2y, is not equal to zero. In such a case let

number of mols of the initial system be AV and the change in the
number of mols when the concentration js diminished by # equivalents,

N = +n,+...... o ol .
AN = (my g— 1) + (11,0 —105) A oo+ (2, — 1) + (g o —22/5) + .0

where 72y 4, 75, 5y oenees are the numbers of mols 4, 4, ...... after the said
change in the concentration.

Putting 1y — = dwy, 1y o1ty = dity, e.....
A’
we have AN = 2 dpny, = 3 Afl y = 24 3y,
1 2!

As formerly stated, ‘L—” is identical for all substances, and puiting

dn
5 = a, we get
AN = azyl.
Let Go Goa coveee be the concentrations after the said change in the
concentration, then
C = Me _ Wt duy i i Ay
W T TNEAN T ON+AN T N+4AN T O N+4AN
7
N vy digy G
= = Yy o
L Av oy T A
N
. _ _ — diyy
Again G= xS amy
- dy L AN 1

Therefore

<

T EdN) Y WEany T T B, NF AN
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or AN = a2
I+ 22y

The maximum work, when the concentration is diminished by # equi-
valents,

A= RIT(N+4N)2 G, {In G ,—Inc}
=]€NT(I L )2{6‘1(1—5-:52»1) 0} [l { G(1 + 230) — 7}
— e (12)

The above expression is easily differentiable by =z, viz.

:;’A RTN( 55 )2(612'1)1 v)[ln { G(1 +22v)— vz} —In o+ 1]
+ RTN(I +2p3,y )ZZ{G (1 +22v) — vz} [In{ G (1+ 2 Zv) —cyx}

—licy). (13)

Calculation of Chemical Resistance.

From the definition of (2) the chemical resistance is expressed as

__dE dA

dx adx

R = dx  dx
at at

For the expression of affinity % , the value of (13) in a general

case or the value of (11) in the case of Xv»;=0 or at reactions in
dilute solutions, may be used. The expression of chemical velocity

% is represented in general as follows:

dx
v

—k{ G/ (142 2v)— v/ 2} G/ (14 2 2Vp)—vfx} .

= b {C(1+x 2v)— vz} C1+ 2 Zv)—v, 2} "

when 2V = o of the reaction occurs in a dilute solution, this expression
becomes more simple.
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dr _
dr
where 4 is the velocity constant for the change from left to right in
the reaction scheme and £, that of the opposite reaction. Moreover we

have the relation Ao K, when K is the equilibrium constant.

fy

As one example of calculation of the chemical resistance, we will
take the following reaction scheme :

Ié]_ (C;l — le)\'l( 6‘2_ uzx)VZ ...... —"é’ ( Cll_' Vllx)—vl’ ( C:_)‘l i Vgl x)—VZ, ......

A+2B =—= C+2D.

Let the initial concentrations of 4, B, C, D be a, &, ¢, 4, and those of
the final equilibrium state (a—$), (6—2%), ¢+§), (@+ 2¢), then from (11)
the affinity of this reaction is

_dd _ (c+x)(d+ 2x)* (a—&)(b—28)°
F =8 = RIVI T2 + RIN W o o s

— RTNIn D@22 porpry e
(a—=zx)(6—2x)*

Therefore
44 ey EEDER22) ey, i
R = dr (a—x)b—22)° - (14)
T dr Tk (a—2)(6~22)— kb (et x)(d+22)
dt

This expression represents the chemical resistance as a function of z,
and we can calculate it for all values of # from x=0 to x=§. At

the limiting case, however, were x=§ and consequently ER:%, it is
indeterminate , but after the usual method, we get for it the following
RTN 4 ABCD (B+ D)+ BD (ABD+ CBD)

Lim R = 45'C
ot — &y B(B+4A4)—k, D(D+ 4C)

where 4, B, C.D denote (a—2%),(6+ %), (¢— %), (d+2%) respectively,
and this limiting value is definite.

Signification of Chemical Resistance.

In the preceeding sections the calculation of chémical resistance
according to the principle of thermodynamics had been considered.
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Now we are in a position to examine the signification of chemical
resistance and for this purpose must make use of the idea of atom
and molecule.

If there are two substances, 4 and B, they attract each other by
the universal force of attraction; but in certain cases, according to their
nature, another kind of attraction, namely chemical affinity, may act
between them. Z. Gruwitsch® distinguished these two kinds of attrac-
tive force in the following way :

I Physical attractive force :
2) It is not specific;
) its sphere of action is not limited;
¢) its action on a given mass is independent of the existence
of other masses;
d) its action is not atomistic, that is, it acts as a whole all over
the closed surface and not in singual rays.
II Chemical attractive force:
@) It is specific;
b) its sphere of action is limited, probably to an atomic distance;
¢) its action on a given mass is different; according as one part
of the force has already been saturated by another substance, or not;
d) its action is atomistic, that is, it expresses itself by leaps in
a few singular rays.

Under the supposition that chemical affinity has the above men-
tioned character, we will now consider the following special case as

an example :
28,4+ 0, == 2 H,0.

According to the above consideration, &, and O, would at first disso-
ciate, and then when they approach each other within the atomic dis-
tance, the affinity will begin to act. The amount of the affinity is
dependent not only on the concentrations of A and O, but also on that
of H,0 already formed, as described under (¢). Let the characteristic
constant of the affinity between /A and O, be #, then the actual amount
of the affinity is a function of the concentrations #Z,0, Z and O which
contains the characteristic constant x viz.,

F=f(CH, Co, CH20, Z).

1 Zs. physik. Chem., 87, 331, (1914).
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On the other hand from (11), we have

F = ‘i’_ﬁ = RTN {3 In (GG—vix)~1+ 2 In e},

Here the value of (13) must have been used, but for the sake of sim-
plicity we have taken the above expression. As seen from it, the
first term is only a simple function of Cy, €, and C:uzo an.d does not
contain the constant », and so the second term must contain it, but
in all reactions with the same initial concentrations the second term is
independent of x and consequently of Cy, Cp and CHZO Therefore the
second term itself must be a constant, namely

x=2lnen

This is nothing but the well known mass law.

If we consider the chemical affinity and the mechanism of a chemi-
cal reaction as above described, the signification of chemical resistance
is then clear. It consists from two terms of different properties. In
the above example, they are:

1. The resistance to the dissociation of the molecules, A; and O, to
atoms.
2. The probability that Z and O approach each other within
atomic distance by their kinetic energies.
With our present knowledge about atoms and molecules, it is im-
possible to calculate chemical resistance in a direct way.




