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In this paper the dissociation constant of the anilinium ion
K = (") (An)/ (AnH™), (»

where (H"), (An), and (AnH") are the concentrations of
hydrogen ions, aniline, and anilinium ions respectively, is
measured electrometrically at different temperatures and
salt concentrations.

Measurements were first attempted with the hydrogen
electrode in aniline buffer solutions. Hydrogen was passed
through a sintered glass filter into the solution, where it
formed a large number of tiny bubbles. The e. m.f. was
not, however, sufficiently reproducible. Changes as great as
one millivolt were found when the current of hydrogen
was made quicker or slower. Apparently a reaction takes
place at the surface of the platinum electrode altering the
composition of the solution in the neighbourhood of the
electrode. It was therefore decided to use the glass elec-
trode instead of the hydrogen electrode. '

Cells of the following composition were measured

0.01 n. HC1 0.01 n. HC1 |
Pt/ + glass | solution| + Pt (2)
. | KC1 .
quinhydrone ! quinhydrone

The “solution” is either hydrochloric acid of known hydro-

gen ion concentration or an aniline buffer solution.
1*
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The glass elecirodes were of the type described by Mac
InNEs.) They consisted of a plane diaphragm of Corning
glass no. 015 which formed the bottom of a piece of or-
dinary glass tubing whose upper part was covered with a
layer of paraffin wax. Inside was a solution of (iUinhydrone
in 0.01 normal hydrochloric acid into which dipped a
bright platinum electrode.

" As container for the solution under investigation a vessel
was employed of the same kind as those used in this
1aboratory for calom'el" electrodes.? It was completely filled
with the solution. Instead of tlhie glass stopper, the glass
électrode was placed in the opening, and fixed by means
of a short piece of rubber tubing forming a belt round the
tube of the glass electrode. The liquid-liquid junction was
formed by sucking bridge solution-half way up into the
perpendicular part of the side tube. This is an easy way
of obtaining a stable and reproducible diffusion potential.®

- The other half cell,”a quinhydrone electrode in 0.01
normal hydrochloric acid, was made in a vessel of the same
kind as that used forthe solution under investigation. The
two vessels, and a test tube containing bridge solution into
which they both dipped, were placed in an electrically re-
gulated liquid paraffin thermostat.

* As null instrument for the electrometric measurements
a Lindemann electrometer was used. A sensitivity of 0.1
millivolt was obtained by carefully balancing the voltages

! MacIxngs and Doie, J. Amer. Chem. Soc. 52 (1930) 29. MacIsyes
and BeLcmEen, J. Amer. Chem. Soc. B8 (1931) 3315,

? Lewis, Bricuron and SepasTian, J. Amer. Chem. Soc. 39 (1917)
2245. J. K. GuaLneak, Kgl. Danske Vid. Selsk., Math.-fys. Medd. 5 (1924)
no. 9, e . )

¥ GueseNHEIM, J. Amer. Chem. Soc. 52 (1930) 1315. Unmack and
GueeENHEM, Kgl. Danske Vid. Selsk., Math.-fys. Medd. 10 (1930) no. 8.
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of the quadrants. The needle terminal of the electrometer
was connected with the quinhydrone electrode inside the
glass electrode. The potential of the other quinhydrone
electrode was adjusted by means of a potentiomeler until
the needle showed no deflection when earthed. The accu-
racy of the measurements was =+ 0.1 millivolt.

Before the actual measurements the glass electrode was

tested by measuring the following combination

Pt | 0.01 n. HCI + quinhydrone | glass | solution X + quin-
hydrone | Pt,

where solution X is 1) 0.01 normal hydrochloric acid, 2)
a dilute acetate buffer solution of pH about 5, and 3) a
dilute phosphate buffer solution of pH about 7. If we find
that all the cells have the potential zero, we may conclude
that the glass and quinhydrone electrodes have the same
potential for all the solutions, that is, that the law of the
reversible hydrogen electrode holds for the glass electrode
in the interval examined. This was actually found to be
the case with an accuracy of 0.1 millivolt, when a con-
stant asymmetry potential of a few tenths of a millivolt
was subtracted.

The aniline buffer solutions were freshly prepared for
each day’s measurements by mixing appropriate amounts
of aniline and normal hydrochloric acid and diluting with
water. These buffer solutions were in most cases further
diluted with sodium chloride solution of the same ionic
concentration. The aniline used was the middle fraction
obtained by distillation in vacuo of KauLBaUuM's aniline for
analytical purposes. Sodium chloride and hydrochloric acid

for analytical purposes were used without further purific-
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ation. All the solutions were made from redistilled water.
The quinhydrone solutions were renewed every day.

Cells of the type given in scheme 2 were measured at
the three temperatures 14.8°, 25.0°, and 34.9°. The aniline
buffer solution, which we may call solution 1, contained
anilinium chloride and aniline (usually of nearly equal
concentrations), and in addition sodinm chloride. Within
a series of measurements the concentrations of anilinium
chloride and aniline were varied, while the total salt con-
centration s was kept constant by adding sodium chloride.
A solution of known hydrogen ion concentration, which
we may call solution 2, was always measured along with
each series of aniline buffer solutions. Solution 2 was a
mixture of hydrochloric acid (about 0.01 normal) and so-
dium chloride, generally of the same total salt concentra-
tion as solution 1. The difference £ between the e.m.f.
measured for solutions 1 and 2 does not contain the asym-
metry potential of the glass electrode. We may consider E
as the e.m.f. of the cell

H, | solution 1| 3.5 m. KCl | solution 2 | H,.

According to the thermodynamic considerations of Gug-
GENHEIM' the e.m.f. of cells of this type may be written

as a sum of three terms
E = Egy+E,+Eg, 4

where E is the ideal electrode potential, E,, is the ideal

diffusion potential, and Eg is the salt effect potential. Eg

vanishes when both solution 1 and 2 are infinitely dilute.
If we use the abbreviation

* GucGeENHEIM, J. Phys. Chem, 84 (1930) 1758.
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RT
¢= Floge’ ®)
the ideal electrode potential is

(H™),
Eg = —olog (6)

",

The ideal diffusion potential may be written

Ep = E p—Eyp, (7)

where E, , is the ideal diffusion potential of the junction
solution 1| 3.5 m.KCl, and E, ,, that of the junction solu-

tion 2 | 3.5 m. KCl. For convenience we may write
E; p = 09y, and E, , = 00,. (8)

The salt effect potential may be written
Ey = —glogh! ©

where f; and f, are characteristic of the combinations so-
lution 1 | 3.5 m. KCl and solution 2 | 3.5 m. KCI respectively.
They are generally called activity coefficients of the hydro-
gen ion, a misleading expression. Equation 9 defines only
the relative values of f; and f,, not their absolute values.
In the last part of this paper we shall discuss the question
of an absolute definition.

From eqnations 4, 6, 7, 8, and 9 we obtain

h
£,

If we introduce equation 1 we get

E |
—log (H” y—logs = g.—dl-{- 0, — log (H™),.

—10“K—log]’§ = —9—6 1+ 0, —log (H"),—lo (;:;1),
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which equation may also be written as follows

. fi E + (An)
log K —1lo = ——¢,+d, —log (H),—log —
8 g fENacl)l Q 1 2 g ( 2 g (ADI’I+)
—log h_ (10)

]L‘(I\"HCI)1

Here fixacn, 18 the value of f for a pure sodium chloride
solution of the same ionic concentration as solution 1.

The ideal diffusion potential for the kind of junction
used here may, according to GUGGENHEIM', be calculated
to a good degree of approximation from HeENDERSON's for-
mula.? Values of the ionic conductivities all corresponding
to one and the same solution must be introduced into this
formula.? '

For the junction: electrode solution | 3.5 m. KCl, the

formula may be written

8.5 (ug—w) + D', — Dlea, 35 (. + 1)
_ - = 99 (g 1 Uy
3.5 (ug +ug) — D e, — >, log Dleu+ >leu’ an
T = e =

]

where ¢; and u, are respectively the concentration and con-
ductivity of an ion i 2>, and Z denote respectively sum-
mation over all positiv::- and over all negative ions in the
electrode solution.

In Table 1 values of ¢ calculated from this formula
are given for the junctions used in this paper. All the con-
ductivities used for the calculation correspond to the elec-
trode solution at 25°. If we make the sufficiently precise
assumption that the ratio between the ionic conductivities

! GUGGENHEIM, J. Amer. Chem. Soc. 52 (1930) 1315.

? HENDERSON, Z. physik. Chem. 59 (1907) 118, 63 (1908) 325.

* GuecenueiM and Unmack, Kgl. Danske Vid. Selsk., Math.-fys. Med.
10 (1931) no. 14, pag. 16.
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is independent of the temperature from 15° to 35°, we may
use the calculated values throughout the whole temperature
interval. For hydrochloric acid and for solutions of sodium
and potassium chloride we have used the conductivities
given in the International Critical Tables, and the trans-
ference numbers determined by Longsworta.! For mix-
tures of hydrochloric acid and sodium chloride we assume
that the mixture law holds. For anilinium chloride we use
the conductivities determined by Smawrick and WiLspon?,
togéther with the assumption that the chloride ion has the
same conductivity in equally concentrated solutions of ani-
linium chloride and potassium chloride.

The remaining term on the right hand side of equation
fa

(NaCl)

11, namely —log , i1s found from measurements with

Table 1.
Ideal diffusion correction J for the junction:
solution of given composition | 3.5 m. KC1
calculated from formula 11.

0.001 m. [0.002 m.| 0.005m.| 0.01 m.
¢ molar | ¢ molar | HCl1+ | HC1+ | HCl 4 | HC! -+ | ¢ molar
AnHCL | NaCl |(¢—0.001)|(c—0.002)|(c—0.005) (c-0.01) | HCI1

m. NaCl | m. NaCl | m. NaCl | m. NaCl

0.001 . 0.0688 .. .. .. .. 0.0603
0.002 | 0.0637 | 0.0627 @ 0.0580 .. .. .. 0.0560
0.005 | 0.0562| 0.0554 | 0.0539 | 0.0530 .. .. 0.0524
0.01 0.0506 | 0.0501 | 0.0499 | 0.0489 | 0.0504 0.0525

0.02 0.0433| 0.0436 | 0.0441 | 0.0446 | 0.0463 | 0.0492 | 0.0554
0.05 0.0317| 0.0342 | 0.0350 | 0.0359 | 0.0383 | 0.0422 | 0.0691
0.10 0.0194| 0.0250 | 0.0258 | 0.0267 | 0.0293 | 0.0334 | 0.0905
0.20 0.0025| 0.0139 | 0.0148 | 0.0156 | 0.0180 | 0.0221 | 0.1265
0.21 .. .. 0.0140 .. 0.0172 | 0.0213
030 |—0.0117{ 0.0057 .. .. .. 0.0126

! LoNgswoORTH, J. Amer. Chem. Soc. 54 (1932) 2741, 57 (1935) 1185.
® Sipgwick and WiLspon, J. Chem. Soc. 99 (1911) 1118.
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Table 2.

Electromotlive force E at 14.8° of the cell
H, | solution 1| 3.5 m. KC1 | solution 2| H,
measured by means of the glass eleclrode.

Solution 1 Solution 2 E o o "‘IOE?;
8 —1
(AnHCD| (An) | (NaCD | (HCD | (vacp | YOl Tovacn, | 187 C o
0.3025 | 0.3066 | 0.000 | 0.01025]| 0.290 | 0.1591 0.000 4.793
0.2017 | 0.2044 | 0.100 | 0.01025| 0.290 | 0.1607 0.000 4.815
0.1008 | 0.1022 | 0.200 | 0.01025| 0.290 | 0.1623 0.000 4.836
0.0504 | 0.0511 | 0.250 | 0.01025| 0.290 { 0.1629 0.000 4.844
0.01891 | 0.01916 | 0.280 | 0.01025| 0.290 | 0.1634 0.000 4.851
0.2513 | 0.0522 | 0.0505| 0.01025| 0.290 | 0.1215 0.000 4.819
0.0506 | 0.2530 | 0.2512| 0.01025| 0.290 | 0.2022 0.000 4.840
0.2017 | 0.2044 | 0.000 | 0.01025| 0.190 [ 0.1591 0.000 4.788
0.1008 | 0.1022 | 0.100 | 0.01025| 0.190 | 0.1608 0.000 4.812
0.0390 | 0.0395 | 0.161 | 0.01025| 0.190 | 0.1617 0.000 4.824
0.01833| 0.01858 | 0.182 | 0.01025| 0.190 | 0.1621 0.000 4.829
0.1012 | 0.1004 | 0.000 [ 0.01025| 0.090 | 0.1584 0.002 4.781
0.0506 | 0.0502 | 0.050 | 0.01025] 0.090 | 0.1593 0.002 4.794
0.02024 | 0.02008 | 0.080 | 0.01025| 0.090 | 0.1599 0.002 4.802
0.0506 | 0.0502 | 0.000 | 0.01025| 0.040 | 0.1580 0.008 4777
0.02024 | 0.02007 | 0.030 | 0.01025| 0.040 | 0.1586 0.008 4.786
0.02024 | 0.02007 | 0.000 | 0.01024 | 0.010 | 0.1574 0.023 4.777
0.01012 | 0.01004 | 0.010 | 0.01024 | 0.010 | 0.1577 0.023 4.781
0.01012| 0.01004 | 0.000 | 0.01024 | 0.010 | 0.1570 0.038 4.776
0.00405 | 0.00402 | 0.000 [ 0.01024| 0.010 | 0.1570 0.052 4.780
the hydrogen electrode in solutions of hydrochloric acid

and sodium chloride, as described later in this paper.

We are now able to calculate —log K — log

fi

from

(NaCl),
equation 10. The experimental data and the results of the

calculation are given in the tables 2, 3, and 4. As can be

seen from these tables —log K —log

fi

varies even when

ﬁNaCl)l
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Table 3.
Electromotive force E at 25.0° of the cell
H, | solution 1 |3.5m.KCl | solution 2 | H,

measured by means of the glass electrode.

11

Solution 1 Solution 2 E fa —10g17fl
(anHCD!| (an) | (Nacp | (mep | vacy | YOS fvacn, logf(NaCI)‘
0.3015 | 0.2965 | 0.000 | 0.01011| 0.290 | 0.1522 0.000 4.600
02010 | 01977 | 0.100 | 0.01011| 0.290 | 0.1537 0.000 4619
0.1005 | 0.0988 | 0.200 | 0.01011| 0.290 | 0.1554 0.000 4.642
0.0504 | 0.0496 | 0250 | 0.01011| 0.290 | 0.1561 0.000 4.651
0.01977 | 0.01944 | 0.280 | 0.01011 | 0.290 | 0.1566 0.000 4.657
0.2010 | 0.1977 | 0.000 | 0.01011| 0.190 | 0.1524 0.000 4.598
0.1005 | 0.0988 | 0.100 | 0.01011| 0.190 | 0.1540 0.000 4.620
0.0502 | 0.0494 | 0.150 | 0.01011| 0190 | 0.1548 0.000 4.630
0.01977 | 0.01944| 0.180 | 0.01011| 0.190 { 0.1553 0.000 4.636
01005 | 0.0988 | 0.000 | 0.01011| 0.090 | 0.1522 0.002 4.592
0.1009 | 0.1026 | 0.000 | 0.01011] 0.090 | 0.1532 0.002 4,594
0.1013 | 0.0995 | 0.000 | 0.01024| 0.090 [ 0.1526 0.002 4.590
0.0502 | 0.0494 | 0.050 | 0.01011) 0.090 | 0.1531 0.002 4.604
0.05047 | 0.05133| 0.050 | 0.01011| 0.090 | 0.1541 0.002 4.606
0.05066 | 0.04974| 0.050 | 0.01024| 0.090 | 0.1535 0.002 4.605
0.01977 | 0.01944| 0.080 | 0.01011| 0.090 [ 0.1538 0.002 4613
0.02027 | 0.01990| 0.080 | 0.01024| 0.090 | 0.1540 0.002 4,611
0.08008 | 0.01974 | 0.0202] 0.01011 | 0.090 | 0.1171 0.002 4.600
0.06751 | 0.03316| 0.0337| 0.01011| 0.090 | 0.1354 0.002 4.606
0.05060 | 0.05000| 0.0506| 0.01011| 0.090 | 0.1530 0.002 4.600
0.03371 | 0.06682| 0.06751 0.01011| 0.090 | 0.1711 0.002 4.603
0.02027 | 0.08021] 0.0809 | 0.01011| 0.090 | 0.1889 0.002 4.603
0.05047 | 0.05133| 0.000 | 0.01011| 0.040 | 0.1529 0.008 4.591
0.0506 | 0.0499 | 0.000 | 0.01011| 0.040 | 0.1520 0.008 4.589
0.0506 | 0.0497 | 0.000 | 0.01025| 0.040 | 0.1522 0.008 4588
0.01990 | 0.02022| 0.030 | 0.01011| 0.040 | 0.1535 0.008 4.599
0.02020 | 0.01992| 0.030 | 0.01011| 0.040 | 0.1526 0.008 4597
0.02027 | 0.01990| 0.030 | 0.01025| 0.040 [ 0.1530 0.008 4.600
0.01990 | 0.02022| 0.000 | 0.01011| 0.010 | 0.1522 0.023 4.589
0.02020 | 0.01992| 0.000 | 0.01011| 0.010 | 0.1516 0.023 4.592
0.02021 | 0.01999 1 0.000 | 0.010111 0.010 | 0.1513 0.023 4586
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Table 3 (continued).

Solution 1 Solution 2 —log K
£ —log—— | _ h
(AuHCD| (An) | (NaCD) | (gCD | (Nvacpy| vOUs fosacn, | 187 o,

0.02052| 0.02012| 0.000 { 0.01025| 0.010 | 0.1516 0.023 4.586
0.00998 | 0.0098+| 0.010 | 0.01011| 0.010 | 0.1520 0.023 4.598
0.01026 | 0.01006| 0.010 [ 0.01025| 0.010 | 0.1521 0.023 4.593
0.00998 | 0.00984 | 0.000 | 0.01011| 0.040 |- 0.1509 0.044 4.586
0.01011 | 0.01000 | 0.000 | 0.01011| 0.010 | 0.1512 0.038 4.591
0.01026 | 0.01006 | 0.000 | 0.01025| 0.010 | 0.1513 0.038 4.590
0.00498 | 0.00493| 0.000 | 0.01011| 0.010 | 0.1511 0.049 4.592
0.00405 | 0.00399 ! 0.000 | 0.01011| 0.040 | 0.1513 0.058 4.596
0.00410 | 0.00402| 0.000 | 0.01025 0.010 | 0.1512 0.052 4.592
0.00200 | 0.00200| 0.000 | 0.01011| 0.010 | 0.1516 0.060 4.591

the total salt concentration s is constant. Unfortunately, it
is impossible to decide from measurements of this kind
how the variation is distributed over the two terms. It is
therefore in principle impossible to determine the dissoci-
ation constant K of an acid in its buffer solution by means
of electrometric measurements of cells with liquid-liquid
junctions without making an arbitrary assumption con-
cerning the salt effect potential. However, it is possible,
without making any such assumption, to find K for a so-
dium chloride solution containing only an infinitesimal
amount of anilinium chloride and aniline. We plot —log K
—log - h against the concentration of anilinium chloride

f(NaCl)l
for the solutions in which (AnHCI) is approximately equal

to (An). In Fig. 1 we have drawn straight lines through
points corresponding to the same total salt concentration s.
By means of the straight lines we extrapolate to (AnHCI)
= (), that is, to s molar sodium chloride solution. The or-
dinate is —log K for the sodium chloride solution, because

for this solution f, = /(Naa)l. This computation includes
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Table 4.
"Electromotive force FE at 34.9° of the cell

H, | solution 1| 3.5m. KCl | solution 2| H,
measured by means of the glass electrode.

13

Solution 1 Solution 2 B g fo —10g?1
(AnHCD| (An) | (Nacl) | (HCD | (Nacp | Yolts “linacn, | Tlog g
0.3028 | 0.3034 0.000 | 0.01024 | 0.290 | 0.1477 0.000 4.430
0.2018 | 0.2022 0.100 | 0.01024| 0.290 | 0.1492 0.000 4.449
0.1009 | 0.1011 0.200 | 0.01024| 0.290 | 0.1508 0.000 4.469
0.0501 | 0.0502 0.250 -1 0.01024 | 0.290 | 0.1516 0.000 4478
0.014421 0.01444 | 0.286 | 0.01024 | 0.290 | 0.15621 0.000 4.484
0.2513 | 0.0522 0.0505| 0.01024 | 0.290 | 0.1078 0.000 4.456
0.0506 | 0.2530 0.2512] 0.01024 | 0.290 | 0.1936. 0.000 4.468
0.2018 | 0.2022 0.000 | 0.01025| 0.190 | 0.1479 0.000 4.428
0.1006 | 0.0991 0.101 | 0.01025| 0.190 | 0.1492 0.000 4451
0.0505 | 0.0498 0.150 | 0.01025| 0.190 | 0.1500 0.000 4.460
0.0203 | 0.0200 0.180 | 0.01025| 0.190 | 0.1505 0.000 4.466
0.1010 | 0.0996 0.000 ‘ 0.01025| 0.090 | 0.1470 0.003 4418
0.0505 | 0.0498 0.050 | 0.01025| 0.090 | 0.1481 0.003 4,432
0.0203 | 0.0200 0.080 | 0.01025| 0.090 | 0.1488 0.003 4.442
0.08116| 0.02110| 0.02021] 0.01024| 0.090 | 01129 0.003 4434
0.06750 | 0.03473 | 0.0337] 0.01024| 0.090 | 0.1306 0.003 4,429
0.05062 | 0.056158 | 0.0506] 0.01024 | 0.090 { 0.1489 0.003 4.432
0.03375 | 0.06842 | 0.0675] 0.01024| 0.090 | 0.1670 0.003 4498
0.02025| 0.08189 | 0.0810] 0.01024 | 0.090 | 0.1857 0.003 4,434
0.05050 | 0.04978 | 0.000 | 0.01025| 0.040 | 0.1467 0.011 4.“417
0.02020 | 0.01991| 0.030 | 0.01025| 0.040 | 0.1476 0.011 4.430
0.02050 | 0.01861| 0.000 | 0.01025] 0.010 | 0.1443 0.021 4,418
0.010251 0.00930 | 0.010 | 0.01025| 0.010 | 0.1449 0.021 4.425
0.01025 | 0.01002| 0.000 | 0.01025] 0.010 | 0.1462 0.037 4.424
0.00512| 0.00501} 0.000 { 0.01025] 0.010 | 0.1461 0.048 4.424
0.00202 | 0.00197| 0.000 | 0.01025 0.1466 4426

0.010

-0.059

two extrapolations® to pure sodium chloride solution, 1)

from mixtures of aniline buffer solution and sodium chlo-
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(AnkCl) | 0.2 0.3

4.86

- 14.8°
484 f— -

4.82

Isa,
4.80 —
@)
478 —

ol 02 03

(AnHC/)

Fig. 1. The dissociation constant.in mixtures of aniline buifer solution
and sodium chloride of total salt concentration s. Extrapolation to pure
' sodium chloride solution.
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ride solution, and 2) from mixtures of hydrochloric acid
and sodium chloride solution (see later), that is, we have
extrapolated to a cell of the composition

H, | s molar NaCl | 3.5 m. KCl | s molar NaCl | H,,

for which both E,, and Eg vanish. The dissociation con-
stant of the anilinium ion in pure sodinm chloride solu-
tions found in this way is therefore independent, not only
of the salt effect potential, but also of the special way in
which we have corrected for the ideal diffusion potential.
If we wish to find K for finite concentrations of the
buffer constituents we must, as already pointed out, make
an assumption as to the way in which the variation of
fi
foxacn),
constant s, is distributed over the two terms. The simplest

h

(NaCl),
and has the same value as that of the pure s molar so-

—log K —log , within a series of buffer solutions of

assumption is that either —log K or —log is constant

dium chloride solution. We prefer the former alternative
because the influence of salts on f, as will be seen in the
last part of this paper, is of a very specific nature.

In Fig. 2 the values of —logK for sodium chloride
solutions are plotted against the concentration. For each
 temperature the points fall on a straight line corresponding
to the following expressions for the dissociation constant
K of the anilinium ion in an s molar sodium chloride
solution (s < 0.3):

at 34.9° —logK = 4.428+0.20 s
at 25.0° —logK = 4.596+0.22 s (12)
at 14.8° —logK = 4.780+ 0.26 s.
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WaC)) 0.1 0.2 0.3

484 —

4.86

4.82 —
4.80 —

4.78 ) —

466

464

4.62

4.60

i ] N
(/VGC/) 0.l 0.2 03

Fig. 2. The dissociation constant of the anilinium ion in sodium chloride
‘ solutions.
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By selling s = 0 we find K% the dissociation constant
at infinite dilution. If we plot —log K° against IT, the reci-
procal of the absolute temperature, we get the points in-
dicated by circles in Fig. 3. They fall on a straight line
of equation

3
—log K* = 1.553 %—— 0.614. (13)

From the slope we find the heat of dissociation of the

anilinium ion at infinite dilution
CGH5NH; + HyO — C,H;NH, - H30+ -— 7105 cal.

In order to find the heat of neutralization of the ani-
lintum ion we combine this result with the heat of neu-
tralization of the hydroxonium ion

H,0" + OH - 2 H,0 + 13692 cal.

found by HarnED and Hamer® for infinite dilution at 20°
by electrometric measurements of cells without liquid-liquid
junction. We thus find

CeH NH; + OH™ — C,HyNH,+ H,0 + 6587 cal.

We may compare this value with a calorimetric determ-
ination by Taomsen.? He found that 6450 cal./equiv. are
evolved when approximately 0.3 normal solutions of ani-
lintum sulphate and sodium hydroxide are mixed at
about 18°.

The dependence of K° on the temperature may also be
expressed by the following equation which is more con-
venient for inlerpolation than equation 13

! Harxep and Hamer, J. Amer. Chem. Soc. 55 (1933) 2194.
* TaomseEN, Thermochemische Untersuchungen I (1882) 408.

Vidensk,Selsk. Math.-fys. Medd. XIV,9. 2
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15° 20° 25¢ 30° 35° 4p°
480 <Ts o5 | T T T T
470+ _
460 _
450+ -
440 —
—log K ©
] | | J
3.50 Jo3 340 3.30 320
7“

Fig. 3. The dissociation constant of the anilinium ion. Circles, this paper.
Squares, other determinations.
! BrREDIG, conductivity of anilinium chloride solutions. **® LOWENHERZ,
solubility of cinnamic acid (*) and of p-nitrobenzoic acid (*) in solutions
of aniline, recalculated. * FarmER and WarTH, partition equilibria between
benzene and aqueous solutions of anilinium chloride. * Denison and
STEELE, a special conductivity method. ® Lunpkw, conductivity of ani-
linium chloride solutions. »® BrexnsTep and Duus, hydrogen electrode M
and catalysis (¥). ® Hann and KLockmany, potentiometrie titration, hydro-
gen electrode. " FLEXSER, HaAMMETT and DiNewALL, ultraviolet spectro-
photometry. ' HaLn and SPRINKLE, hydrogen electrode.
t Z. physik. Chem. 18 (1804) 322. %% ibid. 25 (1898) 394. * J. Chem. Soc. 85 (1904) 1713.
5 ibid. 89 (1906) 999. ¢ Medd. frin Vet.-Akad : s Nobelinstitut 1 (1907) no. 7..7 8 Z. phy-

sik. Chem. 117 (1925) 299, ® ibid. A 146 (1930) 373. 1 J. Amer. Chem. Soc. 57 (1935) 2103.
2 ibid. 54 (1932) 3469.



The Dissociation Constant of the Anilinium Ion. 19
—log K' = 4.596 —0.0175 (¢ — 25) 4 0.00005 (t— 25)* (14)

Here { is the temperature in degrees centigrade.

In Fig. 3 we have plotted both the determinations in
this paper (circles) and those of other investigators (squares).
The numbers refer to the list under the figure. The de-
terminations of LOWENHERZ have been recalculated (Table 5).
He determined the solubility s at 25° of a sparingly soluble
acid HS (dissociation constant K,) in b molar aniline. We
assume that the concentration of the undissociated form
of the sparingly soluble acid is the same (s,) in all the
solutions. s, is calculated from the solubility in pure water
and K, The dissociation constant ratio is given by the

equation
Table 5.
Recalculation of LOWENHERZ'S determination of

the dissociation constant of the anilinium ion

al 25°.
Cinnamic Acid p-Nitrobenzoic Acid
KY = 38X 1073%* K9 = 4.0 X 107 4%*
sp = 0.00297 sg = 0.00100
(0 | K()
b s log K0 s — log K7
0.000 0.00331 . 0.00164
0.005 0.00610 0.175 . .
0.010 0.00804 0.169 0.00841 1.226
0.020 0.01100 0.167 0.01379 1.239
0.040 . 0.01543 0.165 0.02172 1.201
0.080 0.0222 0.170 0.0347 1.204
Mean... 0.169 Mean... 1218
—log K° = 4.59 —log K% = 4.62

* LarssoN, Z. anorg. Chem. 1565 (1926) 247,
** OsTwaLp, Z. physik. Chem. 8 (1889) 259.

2*
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K _ (Aan)HS) _ [b—(G—s)+EHD)]s
E, (AnHD (S [s—s—H)]—s)

In Table 5 are given the values of

0
—log% = —log%—Za Vs —sq5

where o« = 0.504 is the Debye-Hiickel coefficient. They are
approximately constant for each of the two acids. From
the average value and the value of KJ given at the top of

the table we find the value of —log K°® given at the bottom.

The activity coefficient of the hydrogen ion in solutions
of hydrochloric acid and sodium chloride.

In order to find the last term of equation 10, cells of
the following composition were measured with the hydro-
gen electrode

H, | X|35mKCl|S | H,

Here X denotes a solution containing hydrochloric acid
and (in most cases) sodium chloride at known concentra-
tions, while S is always 0.01011 normal hydrochloric acid.
We calculate the ideal diffusion potential from HENDER-

soN’s formula (Table 1) and compute

-

E
=8y +0g+log (HN)g—log0.01011, (15)

Iy _
Iy ¢

—log

where fixy and f, are the so called activity coefficients of
the hydrogen ion characteristic of the combination
X | 85m.KCl and S| 3.5 m.KCl, respectively.
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Table 6 contains the experimental data and the results
of the computation. The composition of solution X is given
in the two first columns. The next two columns give the
e.m.f. measured at 25.0° and 34.9°, respectively. The values

[ix
of —log (i) calculated from the experimental data by means

N ICS) :
of equation (15) are given in last two columns. The dif-

T T
0.02 |- - T TTT———0—0.2] ]
O ~ —C~-0.10
0.05 |
0.00 0.02
gl"’? ; 0.01 ™
A
3
I —-0.02 |
0.005
-0.04 —
L ] ] i | | ] I L I |
2 6 8 10 12
(HCl)x10%
Fig. 4. —-logﬁ}-{—) in mixtures of hydrochloric acid and sodium chloride at

s)
25°. The corresponding total salt concentrations are written beside the
curves,

ference between the values at the two temperatures is

hardly greater than the experimental error. In Fig. 4 and
feo)
fis

hydrochloric acid, and curves drawn through points cor-

5 —log has been plotted against the concentration of

responding to the same total salt concentration s. In this
way an attempt has been made to extrapolate to X =
pure s molar sodium chloride solution. When s = 0.02 the
extrapolation seems safe. When s = 0.01, and even more

so when s = 0.005, the extrapolation is less accurate owing
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fex :

to the greater curvature. The values of —log f&) for sodium
(8)

chloride solutions found in this way are also given in

Table 6. °

The last term of equation 10 is now found from Table
6 by writing — log - £ = —log%z~ —log ANaCh:) At 15°
/(Nacl)x IES) f(S)
we have used the values found for 25°
' i I | J i f | ! ]
0.02 —O0— 0—0.21 —

2
(HC)x 103

Fig. 5. —log ;(Y—) in mixtures of hydrochloric acid and sodium chloride at
)] .
35° The corresponding total salt concentrations are written beside the

curves.

In this paper we have given only the ratios between
values of f for different solutions. We have not followed
the usval procedure of defining a standard state relative
to which fis measured. From a theoretical point of view
it is most natural to set f as unity for an infinitely dilute
electrode solution. The practical availability of this defini-
tion depends on an extrapolation to infinite dilution, and
here we meet difficulties. As pointed out by GueGENHEM?

' GueeeNHEIM, J. Phys. Chem. 84 (1930) 1758. Unmack and GUGGEN-
ueiM, Kgl. Danske Vid. Selsk., Math.-fys. Med. 10 (1930) no. 8.
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Table 6.
Measurements of the cell
H, | Solution X | 3.5 m. KC1 | Solution S | H,,

where Solution X has the composition given in
the table, while Solution S$ is always 0.01011

normal hydrochloric acid.

Solution X EX10° | E X108 —log@ —1og@
25.0° 34.9° T T
(HCD | (NaCD 25.0° 34.9°
0.01025 | 0.200 —0.97 —1.00 0.021 0.021
0.005125 | 0.205 16.72 17.15 0.023 0.021
0.001038 | 0.209 57.52 . 0.022 .
0.210 .. . 0.021%) 0.021%%)
0.01025 | 0.090 — 0.56 —0.53 0.015 0.016
0.005125 | 0.095 17.07 17.48 0.017 0.014
0.001030 | 0.099 57.94 59.80 0.014 0.013
0.100 . . 0.013%) 0.013%%)
0.01025 | 0.040 —0.50 —0.52 0.008 0.008
0.005125 | 0.045 16.83 17.45 0.004 0.005
0.002052 | 0.048 10.10 41.40 0.002 0.002
0.001029 | 0.049 57.7 59.50 0.001 —0.001
0.050 . . 0.000%) | — 0.003+%)
0.01025 | 0.0102 | —o045 —0.48 0.002 0.001
0.005125 | 0.0152 16.80 1732 | —0.005 —0.005
0.002050 | 0.0182 39.78 4114 | —0.012 —0.012
0.001029 | 0.0191 L 59.10 . —0.017
0.0005133| 0.0197 . 77.64 .. —0.015
0.0003451]  0.0202 85.1 . —0.019 .
0.0203 .. . —0.021% | —0.019%%)
0.01011 0.000 0 0 0.000 0.000
0.005055 | 0.0051 17.20 17.90 | —0.008 —0.006
0.002022 | 0.0081 40.02 4148 | —0.019 —0.017
0.001016 | 0.0092 57.46 5915 | —0.024 —0.027
0.0005072 0.0096 74.90 77.60 — 0.031 — 0.027
0.0101 . . —0.036%) | — 0.036%%)

*) By graphical extrapolation (Fig- 4).
**) By graphical extrapolation (Fig. 5).
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Table 6 (continued).

Solution X E X 10° E % 108 —log @ —log fﬁ
25.0° 34.9° fo fo
(HCD | (NaCD 25.0° 34.9°
0.005055 0.0000 17.40 .. — 0.007
0.002528 0.0025 34.60 .. 1 —0.018
0.001016 0.0040 57.37 .. —0.029
0.000507 0.0045 74.88 .. — 0.036
0.0050 . y —0.047%
0.1010 .. —56.78 — 58.61 0.002 0.002
0.05050 .. —39.72 —41.10 0.010 0.009
0.02030 .. —17.24 —17.88 0.008 0.007
0.01011 .. 0 0 0.000 0.000
0.005055 .. 17.40 17.88 — 0.007 — 0.008
0.002030 . 40.18 41.73 —0.021 — 0.018
0.001020 .. 57.75 60.27 —0.028 — (0.018
0.000508 . 75.45 7886 | —0.040 —0.025

*) By graphical extrapolation (Fig. 4).

[ is a function of the mean activity coefficients of all the
salts and the transference numbers of all the ions in the
electrode solution, throughout the transition layer and in
the bridge solution. We have therefore no reason to believe
that f follows the laws holding for the real activity coeffi-
cients of the salts. In spite of this, it is not unusual to
extrapolate to infinite dilution by means of DEsye-HOCKEL’s
law in the form —logf = ocl/;—~,83, where s is the salt
concentration, « is the DeEpye-HUCKEL coefficient (0.504 at
25° for a univalent ion), and B is a constant characteristic
of the salt in the solution. From a treatment of the data
in Table 6 we shall see that this procedure may give a
meaningless result,

At the end of Table 6 are given the results of measure-
ments in hydrochloric acid of different concentration. In
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Fig. 6 we have plotted —log@—0.504 J/ s against s, both
S
for X = hydrochloric acid (open circles) and for X = so-

dinum chloride solutions (solid circles). Only the results at
25° have been used. The straight lines drawn in the figure

I f | ! i
—-0.04- -
-0.06 |- N
-0.08 HC/ -
o
+ —0l0 -
2 Nal/
o
\
@lg— Q.12+ —
o
9
| —0.14 ]
| | | | p
0.02 . 0.04 0.06 .08 Q.10
S .
Fig. 6.

fit well to each set of points. Only for the most dilute
solutions of hydrochloric acid are there considerable devi-

ations, but here the experimental accuracy is smaller. If
, I o
we determine ——log?(x—) at infinite dilution from the straight
()

line through the points for hydrochloric acid we get
—0.038, while we get —0.080 when we extrapolate from
the points for sodium chloride, that is, we find that —log f
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for a 0.01 normal hydrochloric acid is 0.038, when we use
the results for hydrochloric acid, and 0.080, when we use
those for sodium chloride. Of course, the curves for so-
dium chloride and hydrochloric acid solutions must ap-
proach each other in more dilute solution. However, even
for the most dilute solutions used here, where we might
expect DEBYE-H{UCKEL'S law to hold to a good approxim-
ation for the mean aclivity coefficients, the difference be-
tween the values of f in sodium chloride solution and
hydrochloric acid is very considerable. According to Gue-
GENHEIM this individual effect is closely connected with
the deviation from 0.5 of the transference numbers of so-
dium chloride and hydrochloric acid. For these electrolytes
the transference numbers of the cations are respectively
0.396 and 0.821 at 25° and infinite dilution. The correct
value for the extrapolation is therefore probably belween
those found in Fig. 6 for sodium chloride and hydrochloric
acid, but nearer the former than the latter. However, for
practical purposes it is of no use making an accurate ex-
trapolation to infinite dilution. Instead of an infinitely
dilute solution we may choose any other standard state.
The determinations of { in the literature are all based on
such conventional standard states, although they have al-
ways been chosen in such a way that f is about unity in
infinitely dilute solution. A convention of this kind is in-
cluded in Serensex’s' definition of pH = —log [(HT) f].
Bierrum and UNmack® use another convention, based partly
on an extrapolation of the relative values for sodium
chloride solutions in a similar way to that shown in Fig. 6.

' SereENSEN, Compt. rend. trav. lab. Carlsberg 8 (1809) no. 1.
? BierruM and UNMACK, Kgl. Danske Vid. Selsk., Math.-fys. Med. 9
(1929) no. 1.
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Finally GueceEnHEM and SCHINDLER' have suggested a de-
finition chosen in such a way that f agrees as well as
possible with the mean activity coefficients of univalent
electrolytes at concentrations generally used in experimental
work. ,

I wish to express my thanks to the head of the labor-
atory, Professor NieLs Bierrum, for his kind interest in

my work.

Summary.

By measurements with the glass electrode at 14.8°,
25.0°, and 34.9° we have determined the e.m. f. of cells of
the composition

H, | Solution 1 | 3.5 m. KCl | Solution 2 | H,.

Solution 1 contains aniline, anilinium chloride and sodium
chloride. Solution 2 contains hydrochloric acid and sodium
chloride (Tables 2—4).

After subtraction of the ideal diffusion potential (cal-
culated from HenpersoNn’s formula), we compute —log K

h
2

linium ion in solution 1, while f; and £, are the so called

where K is the dissociation constant of the ani-

activity coefficients of the hydrogen ion in solutions 1 and
2. We eliminate ——logﬁ by the following two extrapolati-
ons, 1) of solution 1 tdz an s molar sodinm chloride solu-
tion containing a negligible amount of aniline buffer, and
2) of solution 2 to an s molar sodium chloride solution
containing a negligible amount of hydrochloric acid. We
thus find K for the anilinium jon in sodium chloride so-

lutions (Fig. 2 and formulae 12). By linear extrapolation

! GueeenHeIM and SCHINDLER, J. Phys. Chem. 38 (1934) 533.
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to s = 0 we find K° the dissociation constant of the ani-
linium ion at infinite dilution. From the variation with
temperature (Fig. 3 and formulae 13 and 14) we find the
heat of dissociation of the anilinium ion 7100 cal./mole.

In order to make the above extrapolation (2) we have
measured cells of the following composition with the hy-
drogen electrode:

H, | Solution X

3.5 m. KCl | Solution S | H,,

where X is a mixture of hydrochloric acid and sodium
chloride solution, while S is 0.01011 n. HC1 (Table 6). From

fix . :
the measurements we find —log 4‘\3, which we extrapolate

to X = pure sodium chloride SOll(;[)iOH (Fig. 4 and 5).

In the last part of the paper we have discussed the
definition of the single values of f It has been shown
from the measuremenls in this paper that the usual pro-
cedure of extrapolating to infinite dilution by means of
DeBYE-HUckEL's law for the real activity coefficients may
give meaningless results.

Chemical Laboratory of the Royal Veterinary

and Agriculiural College, Copenhagen. October 1936.

Faerdig fra Trykkeriet den 3. Marts 1937,





