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In a previous paper1 from this laboratory by A. A. Noyes and W. D. 
Coolidge an appara tus and method were described for the accurate meas
urement of the electrical conductivity of aqueous solutions at high tem
peratures. Measurements with solutions of potassium and sodium chlor
ides were presented and discussed. Fur ther measurements have since 
been made with these two salts, and the investigation has been extended 
to other di-ionic salts (silver ni trate, magnesium sulphate, sodium ace
ta te , ammonium chloride, and ammonium acetate), to two tri-ionic 
salts (barium ni t ra te and potassium sulphate), to an acid salt (potassium 
hydrogen sulphate), to certain acids (hydrochloric, nitric, sulphuric, 
phosphoric and acetic acids), and to certain bases (sodium, barium, and 
ammonium hydroxides). With most of these substances the measure
ments have been made at four or more different concentrations varying 
between 0.1 and 0.002 normal and at temperatures ranging from 18 ° to 
306 °. 

For the original data and for a detailed description of the experimen
tal methods and of the calculations, reference should be made to Publi
cation No. 63 of the Carnegie Inst i tut ion of Washington, of a par t of 
which publication this article is a brief summary.2 Only the final results 
will be communicated here. 

Tables 1 and 2 contain the values of the equivalent conductance of 
the various substances expressed in reciprocal ohms. The values of the 
concentration given in the second column express the milli-equivalents 
of solute per liter of solution at the temperature to which the conductance 
value refers. (In the two cases of potassium hydrogen sulphate and 
phosphoric acid, however, the concentration is expressed in milli-formula-
weights of solute (KHSO4 or H3PO4) per liter of solution, and the values 
are correspondingly the molal (or " formal" ) conductances instead of 
the equivalent conductances). In obtaining these values excepting, how
ever, the cases of the strong acids, the conductance of the water was subtrac
ted, and those for sodium acetate, ammonium acetate, and ammonium 
chloride have been corrected for the effect of the hydrolysis of the salts. 
The atomic weights employed were those given by the Internat ional Com
mission for 1905, referred to oxygen as 16.00. The temperature is the 

1 This Journal, 26, 134-170 (1904). 
2 Copies of that publication may be obtained at a cost of $2.50 each, by applica

tion to the authorities of the Carnegie Institution. 



TABLE I . — F I N A L VALUES OE THE EQUIVALENT CONDUCTANCE OP NEUTRAL SALTS. 

Substance. 

1'otassium chloride. 

Sodium chloride. 

Silver nitrate. 

Sodium acetate . 

Concentration. 
O.O 

2 . 0 

1 0 . 0 

8 0 . 0 

1 0 0 . 0 

Magnesium sulphate. 

0 . 0 

2 . 0 

1 0 . 0 

80.0 

IOO.O 

0 . 0 

2 . 0 

1 0 . 0 

2 0 . 0 

4 0 . 0 

8 0 . 0 

1 0 0 . 0 

0 . 0 

2 . 0 

1 0 . 0 

8 0 . 0 

0 . 0 

2 . 0 

1 0 . 0 

2 0 . 0 

4 0 . 0 

130.1 
126.3 
122.4 
H 3 - 5 
1 1 2 . 0 

1 0 9 . 0 

105.6 
1 0 2 . 0 

93-5 
9 2 . 0 

" 5 - 8 
1 1 2 . 2 

1 0 8 . 0 

1 0 5 . i 

1 0 1 . 3 

96.5 
94.6 

78.1 

74-5 
7 1 . 2 

6 3 4 

1 1 4 . i 

94-3 
76.1 

67-5 
59-3 

*5°-

( 1 5 2 . 1 ) 

1 4 6 

141 

1 2 9 

50°. 

(232 • 5) 

215 

194 

(321.5) 

295.2 

264.6 

IOO°. 

414 
393 0 
3 7 7 o 
341-5 
336.0 

362.0 

349 -o 
335-5 
301.0 

296.0 

367 
353 
337 
325-5 
311-5 
294.0 
289.0 

285 
267.6 

253-3 
221.0 

426 

302 

233-5 
1 9 0 . 0 

1 6 0 . 0 

128°. 

(519) 

470 

415 

156°. 

625 
588 
560 
498 
4«9-5 

555 
534 
5 1 1 

450.5 
441-5 

57o 
539 
507 
487-5 
462.0 
432.0 

45o 
4 2 1 

396 
34» 

690 

377 
241 .6 

195 -O 

158.O 

216°. 

825 

779 
741 
638 

760 
722 

685 
500 

780 

727 
673 
639 

599 
552 

660 

578 
542 
452 

1080 

260 

143 
110.5 

88.5 

281°. 

1005 

93« 
874 

723 

970 
895 
820 

674 

3060. 

1120 

1008 

910 

720 

1080 

955 
860 
680 

OJ 
OJ 
0 

965 
877 
790 

680 
614 

1065 

935 
818 

680 
604 

924 
801 

702 

> 
Jd 
H 
X 
C 
JO 

O 
>< 
« 



TABLE I . — F I N A L VALUES OP THE EQUIVALENT CONDUCTANCE OF NEUTRAL SALTS.—Continued. 

Substance. 

Magnesium sulphate. . 

Ammonium acetate 

Barium nitrate 

Concentrat ion . 

IOO.O 

2 0 0 . 0 

2 . 0 

1 0 . 0 

3 0 . 0 

. . . . 0 . 0 

1 0 . 0 

2 5 . 0 

. . . . 0 0 

2 . 0 

1 0 . 0 

4 0 . 0 

8 0 . 0 

1 0 0 . 0 

2 . 0 

1 0 . 0 

4 0 . 0 

8 0 . 0 

1 0 0 . 0 

18°. 

5 2 . 0 

49.8 

43-1 

1 3 1 . 1 

1 2 6 . 5 

1 2 2 . 5 

1 1 8 . i 

( 99-8) 
9 ' -7 
88.2 

116.9 
109.7 
1 0 1 . 0 

88.7 
81.6 

79-1 

132.8 
124.8 
I I5 -7 
1 0 4 . 2 

97.2 
9 5 ° 

25° . 

152 
146.5 

I4I -7 

50°. 75° 100°. 128°. 156°. 

136.0 
129.5 
n o . 5 

(4i5) 
399 
382 

(338) 
299.8 
286.5 

385 
352.o 
3 2 2 . 0 

2 8 0 . 0 

257-5 
249.0 

455 
401.5 
3 6 5 0 
3 2 0 . 0 

294-5 
286.0 

I33-0 
1 2 6 . 0 

1 0 9 . i 

(628) 
6 0 1 

573 

(523) 
456 
426 

6 0 0 

536 
481 
4 1 2 

372 

715 
6 0 5 

537 
455 
415 

218°. 

75-2 

(841) 
8 0 1 

758 

840 

7 i 5 
6 1 8 
507 

449 

1065 
806 
672 

545 
482 

281°. 

1 1 2 0 

828 
6 5 8 

503 
430 

1460 

893 
687 

519 
4 4 8 

306°. 

( 1 1 7 6 ) 

1 0 3 1 

925 
828 

1 3 0 0 

824 

6 1 5 
448 

1725 
867 

637 
466 

395-5 

XIi 
> 
f 

W 

> n 
0 
U) > 
25 

W 
> 

y 

OJ 



Substance. 
Hydrochloric acid 

Nitric acid 

Sulphuric acid . . . 

Potassium hydrogen sulphate 

Phosphoric acid 

1 These values are at 

TABLE 2 .—FINAL VALUES OF 

tration. 
O.o 
2 . 0 

I O . O 

8 0 . O 

IOO.O 

IS0 . 

3 7 9 ° 
373-6 
368.1 
353 -o 
35o.6 

0 . 0 

2 . 0 

1 0 . 0 

5 0 . 0 

1 0 0 . 0 

3 7 7 - 0 

3 7 1 - 2 

365-0 
353-7 
346-4 

4 2 1 . 0 

413-7 
4 0 6 . 0 

393-3 
3 8 5 0 

0 . 0 

2 . 0 

1 0 . 0 

5 0 . 0 

1 0 0 . 0 

3 8 3 - 0 

353-9 
3 0 9 . 0 

2 5 3 - 5 

2 3 3 - 3 

( 4 2 9 ) 
3 9 0 . 8 

3 3 7 O 

2 7 3 . 0 

2 5 1 . 2 

2-0 455-3 506.0 
50.0 295.5 318.3 

100.0 263.7 283.1 

0 . 0 

2 . 0 

1 0 . 0 

5 0 . 0 

IOO. O 

338.3 
2 8 3 . 1 

2 0 3 . 0 

1 2 2 . 7 

96.5 

376 
3 1 1 - 9 
2 2 2 . 0 

1 3 2 . 6 

1 0 4 . 0 

the concentration, 80.0. 

: EQUIVALENT CONDUCTANCE OP ACIDS 

50°. 

57o 
559 
548 
5 2 8 

5i6 

(59i) 
5oi 
4 0 6 

323 
3 0 0 

6 6 1 . 0 

374-4 
3 2 9 . 1 

5 1 0 

4 0 1 

273 
157-8 
1 2 2 . 7 

75°. 

7 0 6 

6 9 O 

676 
649 
6 3 2 

(746) 
56l 
435 
356 
336 

754 
4 0 3 

354 

6 3 1 

464 
3 0 0 

1 6 8 . 6 

1 2 9 . 9 

IOO°. 

8 5 0 

8 2 6 

8 0 7 

7 6 2 

754 

8 2 6 

8 0 6 

7 8 6 

75o 
7 2 8 

8 9 1 

57i 
446 
384 
369 

784 
4 2 2 

375 

7 3 0 

498 
3 0 8 

1 6 7 . 8 

1 2 8 4 

128°. 

945 
9 1 9 

893 
845 
8 1 7 

( 1 0 4 1 ) 

5 5 1 

4 6 0 

4 1 7 
4 0 4 

773 
446 
4 0 2 

839 
508 
2 9 8 

1 5 8 

1 2 0 . 2 

AND BASES 

156°. 

1 0 8 5 

1 0 4 8 

1 0 1 6 

946 
929 

1 0 4 7 

1 0 1 2 

978 
9 1 7 

8 8 0 

1 1 7 6 

536 
4 8 1 

448 

435 

754 
477 
435 

9 3 0 

489 
2 7 4 
1 4 2 

1 0 7 . 7 

2180 . 

1 2 6 5 

1 2 1 7 

1 1 6 8 

1 0 4 4 

1 0 0 6 

( 1 2 3 0 ) 

1 1 6 6 

1 5 0 5 

563 
53 3 
5 0 2 

483 

2600. 

1 3 8 0 

1 3 3 2 

1 2 2 6 

1 0 4 6 

3060. 

1 4 2 4 

1337 
1 1 6 2 

8 6 2 

( 1 3 8 0 ) 

1 1 5 6 

4541 

( 2 0 3 0 ) 

637 

474' 

c*> 
0 0 

> 
Ti H 
X 

TJ 

> 
•7. 

O 
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TABLE 2 .—FINAL VALUES OP THE EQUIVALENT CONDUCTANCE OP ACIDS AND BASES 

Substance. 

Acetic a c i d . . . 

Sodium hydroxide. 

Barium hydroxide. 

Concen
tration. 

. . O . O 

I O . O 

30.0 

80 .0 

1 0 0 . 0 

0 . 0 

2 .0 

20.0 

50.0 

0 . 0 

2 . 0 

1 0 . 0 

50 .0 

1 0 0 . 0 

Ammonium hydroxide. 

(347 -o) 

H- 50 

8.50 
5.22 

4.67 

216.5 

212. i 

205.8 

200.6 

222 

215 

207 

i g i . i 

180 . i 

0 . 0 (238) 

1 0 . 0 9 . 6 6 

3 0 . 0 5 . 6 6 

1 0 0 . 0 3 . 1 0 

256 389 

359 
235 342 
2 1 5 . i 308 
2 0 4 . 2 291 

(271) (404) 

(520) 

449 
399 
373 

(526) 

3.62 5-35 6 . 7 0 

(773) 
2 5 . 1 0 
1 4 . 7 0 

9-°5 
8 . 1 0 

594 
582 

559 
54O 

645 
59i 
548 
478 
443 

(647) 

23- 25 

1 3 5 8 

7 -47 

128°. 

(760) 

6 6 4 

549 

503 

(764) 

BASES 

156° 

(980) 

2 2 . i 

1 2 . 

8. 

835 
814 

771 

738 

—Continued. 

5 
95 
0 0 

2l8°. 

( 1 1 6 5 . 0 ) 

1 4 . 7 0 

8.65 

5-34 
4 . 8 2 

1060 

93O 

873 

847 

722 

593 
53i 

( 908) (1141) 

2 2 . 3 1 1 5 5 6 

1 2 . 9 9 

7 . 1 7 4 . 8 2 

2600. 3060 . 

(1268) 

1-57 

(1406) 

U) 

> 

> 
O 
l-H 
O 
U) 

> 
O 

M > 
W 

I 33 

VO 



34o ARTHUR A. NOYES. 

true temperature on the hydrogen-gas scale (as derived at the higher 
temperatures from the determinations of Jaquerod and Wassmer1 of 
the boiling-points of naphthalene and benzophenone). The conduct
ance values (A0) at zero concentration were mostly obtained with the 
help of an empirical function of the form 1/A0 = i/A— K(CA)"'1, which 
corresponds to the equation C(A0—A) = K(CA)", by plotting the recip
rocal of the equivalent conductance (i/A) at the various concentrations 
(C) against (C^f)"-1, varying the value of n till a linear plot was obtained, 
and then extrapolating for zero concentration. For the slightly ionized 
substances and for some of the others the A0 values were derived from 
the others by the principle of the additivity of ion conductances; and 
in a few cases, the values at certain intermediate temperatures were ob
tained by graphic interpolation; values derived in either of these ways 
are indicated by enclosure within parentheses. 

These conductivity results have interest from a theoretical stand
point mainly in two respects—first, with reference to the equivalent 
conductance of the ions or their specific migration-velocities; and second, 
with reference to the degree of ionization of the various substances. 

The directly derived values of A0 for the largely ionized electrolytes 
are summarized in the following table. The substances are arranged 
primarily according to the ionic type and secondarily in the order in which 
the A0 values at i8° increase. In adjoining columns are given also the 
mean temperature-coefficient JA0/ At for the successive temperature-inter
vals and the ratio A0^ M0(KCi) 0^ the equivalent conductance of the sub
stance in question to that of potassium chloride at the same tempera
ture. 

The results given under A0^/AotKC1) in Table 3 show that the values 
of the equivalent conductance for complete ionization in the case of all 
the di-ionic substances investigated become more nearly equal as the 
temperature rises, the approach toward equality being rapid between 
180 and 2180, but comparatively slow at the higher temperatures. This 
shows, of course, that the specific migration-velocities of the ions are 
themselves more nearly equal, the higher the temperature. Complete 
equality has not, however, been reached even at 306°, but the divergence 
exceeds 5 per cent, only in the cases of hydrochloric acid, sodium hydrox
ide, and sodium acetate, which have ions which at 18° move with excep
tionally large or small velocities. 

The behavior of the tri-ionic salts, potassium sulphate and barium 
nitrate, is especially noteworthy. Their equivalent conductance increases 
steadily with rising temperature and attains values which are much 
greater than those for any di-ionic uni-univalent salt. Thus, at 3060, 
the vtflue for potassium sulphate is about 1.5 times as great as that for 

1 J . ch im. phys . , 2, 72 (1904) . 
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TABLE 3.—EQUIVALENT CONDUCTANCE AT ZERO 

Sodium acetate. Sodium chloride, 

CONCENTRATION. 

Silver nitrate. 

Temper
ature. 

18 

IOO 

156 

218 

2 8 l 

306 

18 

IOO 

156 

218 

281 

306 

18 

IOO 

156 

218 

281 

306 

Ao-

7 8 . I 

285 

450 

660 

924 

AA0 

Ai • 

2 - 5 3 

2 . 9 5 

3- 40 

3 -oo 

Ao(S) 

A 0(KCl) ' 

O.60 

O.69 

O.72 

O.80 

0 . 8 2 

Potassium chloride. 

1 3 0 . 1 

414 

625 

825 

1005 

I I 2 0 

3 -46 

3 -77 

3 - 2 3 

2 . 8 6 

4 . 6 0 

Barium nitrate. 

1 1 6 . 9 

385 

600 

840 

1120 

1300 

3-27 

3-84 

3-87 

4-44 

7 . 2 0 

O.9O 

0 - 9 3 

O.96 

1.02 

I . I I 

I . 16 

Phosphoric acid. 

Ao-

109. 

362 

555 

760 

970 

1080 

0 

AA0 

At • 

3-09 

3 - 4 4 

3 - 3 i 

3 - 3 3 

4 . 4 0 

A0(S) 

A0(KCl)-

O.84 

O.87 

O.89 

O.92 

O.96 

O.96 

Ammonium chloride. 

130 

415 

628 

841 

1176 

7 
3-47 

3 -8o 

3 - 4 3 

3 . 8 1 

I . O I 

I .OO 

I.OO 

1.02 

1.05 

Potassium sulphate. 

132-

455 

7 i 5 

1065 

1460 

1725 

8 

3-93 

4.64 

5-64 

6 . 2 7 

1 0 . 6 

Nitric acid 

1.02 

I . IO 

1 .14 

1.29 

i - 4 5 

i - 5 4 

A0-

115-8 

367 

570 

780 

965 

1065 

AA0 

~At • 

3-o6 

3 .62 

3-39 

2 . 9 4 

4 . 0 0 

A0(S) 

A0(KCl) 

O.89 

O.89 

O.9I 

0 . 9 5 

O.96 

0 - 9 5 

Sodium hydroxide. 

2 1 6 . 5 

594 

835 

1060 

4 . 6 0 

4-3° 

3-63 

Barium hydr 

222 

645 

847 

Hyd 

5 . 1 6 

3-58 

rochloric 

I . 6 7 

i - 4 3 

! • 3 3 

1.29 

3xide. 

I . 7 1 

1.56 

I . 3 6 

acid. 

18 338 2.60 377 2.90 379 2.91 
4-78 5-6i 5.76 

100 730 1.76 826 1.99 850 2.05 
3-57 3-95 4-2O 

156 930 1.49 1047 1.67 1085 1.73 
2.95 2.90 

218 .. .. 1230 1.49 1265 1.53 
i.81 

306 .. .. .. .. 1424 1.27 
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potassium chloride. This behavior, which at first sight appears abnor
mal, is in reality in conformity with the principle tha t the velocities of 
ions subjected to the same electric force approach equality with rising 
temperature ; for, assuming tha t the resistance of the medium becomes 
the same for all ions, the velocity of a bivalent ion, owing to its double 
electric charge, should become twice as great as t ha t of a univalent ion 
under the same potential-gradient; and correspondingly, the equivalent 
conductance of a completely ionized uni-bivalent salt should become 1.5 
times tha t of a completely ionized uni-univalent salt. Wha t is re
markable is, therefore, not the greater values at high temperatures, but 
the approximate equality at room temperature of the equivalent conduct
ances of bivalent and quivalent ions, especially of the elementary ones 
which might be expected to have not far from the same size. This equality 
may be due, as has been suggested by Morgan and Kanolt ,1 to a relatively 
large hydration of the bivalent ions. 

With respect to the form of the temperature-conductance curve, it will 
be seen from an examination of the values of AA0JAt tha t the rate of in
crease of conductance is in case of all the neutral di-ionic salts greater 
between i o o 0 and 1560 than it is between i S 0 and 100°, or between 1560 

and 218 V and, therefore, tha t the curve is first convex, later concave, 
and then again convex toward the temperature axis, with two interme
diate points of inflexion. 

In the case of acids and bases, however, and therefore hydrogen-ion 
and hydroxide-ion, the rate of increase of the equivalent conductance 
steadily decreases with rising temperature, so tha t the curve is always 
concave toward the temperature axis. With the tri-ionic salts, on the 
other hand, the rate of increase steadily increases, owing to the great in
crease in the equivalent conductance of the bivalent ion; the curve is there
fore always convex toward the temperature axis. 

It is of interest to note that the fluidity, or the reciprocal of the vis
cosity, of water shows nearly the same increase as the conductance of the 
di-ionic salts, at any rate up to 156°, which is about the limit to which 
previous determinations of the viscosity have extended. Thus, using 
for the viscosity (ij) the data of Thorpe and Rodger and of de Haas 3 and 
taking the mean values of A0 for the five uni-univalent salts included 
in this research, the product TjA0 has the values 1.19 at 180 , 1.04 at ioo 0 , 
and i.01 at 1560. When it is considered tha t the conductance values 

1 This Journal, 28, 572 (1906). 
2 With respect to this last temperature-interval sodium acetate forms an exception. 
3 See Landolt-Bornstein-Meyerhoffer, Physikalisch-chemische Tabellen, pp. 76-77. 

From the data there given the viscosity in dynes per sq. cm. is found by interpolation 
to be 0.01052 at 180, 0.00283 a t 100°, and 0.001785 at 1560, The mean values of Ao 
for the salts referred to are 113 at 180, 369 at ioo0 , and 566 at 156°; the salts investigated 
were potassium, sodium and ammonium chlorides, sodium acetate and silver-nitrate. 
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increase five-fold, this variation in the ratio will be seen to be of secondary 
significance. 

With respect to the variation of the equivalent conductance (A) with 
the concentration (C), it has been found that between the concentra
tions o.i and 0.002 or 0.0005 normal the results of all temperatures with 
all the salts, both di-ionic and tri-ionic, and also with hydrochloric acid, 
nitric acid, and sodium hydroxide, are expressed by the function C(A0—A) 
= K(CA)" provided that to the exponent n a value (varying with the 
different substances) between 1.40 and 1.55 is assigned. This is clearly 
shown by the summary of the n values given in Table 4. These were 

TABLE 4.—VALUES OF THE EXPONENT n IN THE FUNCTION C(A0 — A) = K(CA)" . 
Substance, ] 

KCl i 
NaCl i 
AgNO, i 
NaC2H8O, i 
HCl i 
HNO3 i 
NaOH i 
Ba(OH), i 
K8SO4 i 
Ba(NO3), 1 
MgSO4 i 

156°. 

42 

42 

53 
45 
45 
43 
50 

55 
42 
•50 

•43 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

40 

48 
52 

45 
38 
45 
50 

45 
42 

50 

i 

i 

i 

i 

i 

i 

i 

i 

i 

i 

40 

50 

50 

42 
40 

45 
50 

45 
42 

50 

i 

i 

i 

i 

i 

i 

i 

48 
50 

50 

36 
47 

42 

50 

1.50 

i-47 
1-52 

1.42 

1.50 

306°. 

1.48 

1.46 

1-52 

1.42 

1.50 

derived by a graphical method (which involved no assumption in regard 
to the value of A0), this being regarded as a third constant to be deter
mined from the data themselves. In general, the value of n could be 
found within 0.02 or 0.03 units. 

It is evident that, if the conductance-ratio A/A0 can be taken as a meas
ure of the ionization (7-), the latter changes with the concentration in the 
case of all these substances in accordance with an entirely similar ex-

(Cr)" ponential law, namely, in accordance with the function r( . •• - const . , 

in which n has values va ry ing wi th different subs tances only be tween 1.40 
and 1.55. 

In a previous article1 emphasis was laid on the remarkable fact that 
at ordinary temperatures the form of the functional relation between 
ionization and concentration is the same for salts of different ionic types. 
These results show that this is also true at high temperatures, and, more
over, that even the very large variation of temperature here involved 
and the large consequent change in the character of the solvent affect 

1 Noyes, "The Physical Properties of Aqueous Salt Solutions in Relation to the 
Ionic Theory," Congress of Arts and Science, St. Louis Exposition, 4, 317 (1904); 
Technology Quarterly, 17, 300 (1904); Science, 20, 582 (1904); abstract in Z. physik. 
Chem., 52, 635. 
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only slightly, if at all, the value of the exponent in this purely empirical 
relation. Thus an additional confirmation is given to the important 
conclusion tha t the form of the concentration-function is independent 
of the number of ions into which the salt dissociates. This seems to 
show almost conclusively tha t chemical mass-action has no appreciable 
influence in determining the equilibrium between the ions and the un
ionized par t of largely dissociated substances. How complete this con
tradiction with the mass-action law is, is seen when it is recalled t ha t for 
di-ionic and tri-ionic salts this law requires tha t the concentration of the 
un-ionized substance be proportional to the square and cube, respectively, 
of the concentration of the ions, while the experimental data show tha t 
it is proportional to the 3/2 power of tha t concentration, whatever may 
be the type of salt. 

I t has been found by trial tha t the functions A0 — A = KC'S and 
A0 — A — K(CA)1', which contain only two arbitrary constants (A0 and K), 
also satisfactorily express the results with potassium chloride, sodium 
chloride, hydrochloric acid, and sodium hydroxide a t any rate up to 2180 

between the concentrations of 0.1 and 0.002 or 0.0005 normal. Since, 
however, the data at still smaller concentrations, as determined by 
Kohlrausch and others at 180 , do not conform to the requirements of 
these functions, they apparent ly do not give by extrapolation a correct 
value of A0, and correspondingly the ratio A/A0 derived from them is not 
a true measure of the ionization. It has therefore not seemed worth 
while to make a study of the applicability of these functions to all 
the substances investigated. 

The equivalent conductance and ionization of the slightly ionized sub
stances, acetic acid and ammonium hydroxide, on the other hand, change 
with the concentration at all temperatures, even up to 306 °, in accord
ance with the mass-action law. I t is interesting to note tha t phosphoric 
acid, an acid of moderate ionization (60 per cent, at 18 ° and 29 per cent, 
at 1560 at 0.01 normal concentration), has intermediate values of n (1 .8-
1.9), which, however, approach more nearly the theoretical value (2.0) 
than the empirical one. 

In order to show the relations between degree of ionization, the charac
ter of the substances, and the temperature, the percentage ionization 
of all the substances investigated at the different temperatures in 0.08 
and 0.01 normal solution is shown in Table 5. The substances are ar
ranged in the order in which the ionization at 18 ° decreases. The values 
in the caes of sulphuric acid show the percentage of the total hydrogen 
which exists in the form of hyrogen-ion, without reference to whether it 
arises through the primary dissociation into H and HSO 1

- or the second
ary one into H : and SO, : the values are only approximate ones based 011 
an estimate of the relative extent to which these two stages in the disso-
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TABLE 5.—PERCENTAGE IONIZATION. 
18°. 

Substance. 

HCl 

Concen-
tratiou. 0.01. 

. O.OI 9 7 - 1 

O.08 

i56°- ;l8°. 

W 
W < 
m 
a 
< 
CO 
0 
• H 

O < 

<: 

H N O 3 0 . 0 1 

0 . 0 8 

N a O H 0 . 0 1 

K C l 0 . 0 1 

0 . 0 8 

N a C l 0 . 0 1 

0 0 8 

N H 4 C l 0 . 0 1 

A g N O 3 0 . 0 1 

0 . 0 8 

N H 4 C 2 H 3 O 2 0 . 0 1 

N a C 2 H 3 O 2 0 . 0 1 

0 . 0 8 

B a ( O H ) 2 0 . 0 1 

0 . 0 8 

K 2 S O 4 0 . 0 1 

0 . 0 8 

B a ( N O 3 ) , 0 . 0 1 

0 . 0 8 

H 2 S O 4 0 . 0 1 

0 . 0 8 

MgSO 4 0 . 0 1 

0 . 0 8 

H 3 P O 4 0 . 0 1 

0 . 0 8 

H C 2 H 3 O 2 0 . 0 1 

0 . 0 8 

N H 4 O H 0 . 0 1 

0 . 0 8 

96 

96 

94 

93 

8 

93 
93 

9i 

9i 

93 

87 

86 

83 

66 

60 

4 

4 

7 
3 

9 
2 

2 

7 

7 

17 

05 

0.0 r. 

O 

93-2 

92.6 

87-3 

85-7 

83-3 

81. i 

83 

73-2 

70.1 

66 

45-5 

31 

1.50 

i-45 

ya-

95-

95-
9i-

92. 

92. 

9i-

88. 
88. 

85 

80. 

S3-

56 

52. 

42 

3-

3-
.. 

89 

89 

82 

83 

80 

77 

70 

64 

66 

48 

31 

19 

24 

59 

0.0 

93 

93 

94 
89 

92 

9 1 

88 

87 
88 

85 

75 

80 

49 

35 

29 

0.08. 0.01. 

9 2 . 2 

8 7 . 2 

85.3 

79-7 

8 1 . 2 

75-8 

92 

89.8 

9 0 . 2 

9 0 . i 

86.3 

82.2 

0.08. 0 0 1 

82.5 

75 

77-3 

77-7 

70.8 

4 

26 

46 

. 

75-6 

65 

58 

62 

45 

19 

12.5 

0.82 

... 

63 

74 

46 

13 

i .26 

1.36 

68.5 

45 

53 

42 

7 

0.46 

0.47 

69 

64 

306°. 

0.01. 0.08 

82 

60 

81 

80 

79 
77 

76 

37 

47 
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ciation have taken place. The values for magnesium sulphate are only 
rough approximations, owing to its being largely hydrolyzed. 

The ionization a t 0.08 normal for all of the salts and for hydrochloric 
and nitric acids is also shown graphically in the acccompanying figure. 
100 

HCl 

KCI 
AgNO8 

K2SO4 

Ba(NO3J2 

MgSO4 

40 

0 

^ s 

80 

60 

5° 

30 

120 140 160 180 
TEMPERATURE. 

As will be seen from Table 5, the ionization steadily decreases with 
rising temperature in the case of every substance investigated. To this 
principle, stated as an entirely general one, the only exceptions seem to 
be water itself up to about 2700 and many slightly ionized acids and bases 
up to about 40°, as illustrated by the ionization-constants for acetic 
acid and ammonium hydroxide tabulated below; but above this tem
perature, even such acids and bases also decrease steadily in ionization.1 

The decrease in ionization will, moreover, be seen to be nearly the 
same for all the largely ionized salts of the same ionic type, so t ha t such 
salts, which have roughly the same ionization at 18°, are also not far from 
equally ionized at much higher temperatures. The decrease in per
centage ionization per ten degrees (— 103J]-JJt) a t the concentration 
0.08 normal has for the neutral salts the following average values: 

TABLE 6.—DECREASE OF IONIZATION WITH THE TEMPERATURE. 

Values of (— ioz&y/&t) between 

Type of salt. 18° and ioo°. ioo°and 156°. 1560 and 218°. 2iS°and28i°. 2810 and 3060. 

Di-ionic 0.32 0.55 0.68 1.09 2.84 
Tri-ionic 0.34 0.94 1.23 2.30 3.20 

1 Compare also the results of Euler (Z. physik. Chem., 21, 266, 1896) and Schaller 
(Z. physik. Chem., 25, 517, 1898). 
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Thus the rate of decrease in ionization is small between i8° and ioo° 
for either type of salt; but it becomes greater at the higher temperatures, 
especially in the case of the tri-ionic salts; and for the highest tempera
ture interval (28i°-3o6°) it is extremely rapid for both types of salt. 
The decrease in ionization of hydrochloric acid, nitric acid up to 156°, 
and sodium hydroxide is about the same as that of the di-ionic salts; 
thus the average value of (—Id6AyJAt) at 0.08 normal for hydrochloric 
and nitric acids is 0.38 between 180 and ioo0, 0.63 between ioo° and 
1560; and for hydrochloric acid 0.76 between 1560 and 2180. Between 
1560 and 306 ° nitric acid decreases in ionization much more than the 
other substances of the same type. 

The physical property of the solvent which is most closely related to 
its ionizing power is, as has been shown by Thomson and Nernst, its di
electric constant. It is, therefore, of some interest to compare its varia
tion with the temperature with that of the ionization of salts. Unfor
tunately, the dielectric constant of water has been determined only be
tween o0 and 76 °. Drude1 has, however, derived for this interval a quad
ratic equation, from which a value at ioo0 may be calculated, probably 
without great error. The values of the dielectric constant obtained from 
this equation are 81.3 at 180 and 58.1 at ioo°, and the ratios of these is 
1.40. 

The question now arises, what function of the ionization should be com
pared with this? It seems clear that, from a theoretical standpoint, it is 

simplest to consider the ratio -J-, \ of the concentrations of un-ion-

ized salt which prevail in solutions that at the two temperatures (t2 and 
Z1) have the same concentration of the ions (that is, solutions for which 
C2^2 = C1^1); for in such solutions the electric force between the ions, 
and therefore their tendency to unite to form un-ionized molecules, in 
so far as this has an electrical origin, must be inversely proportional to 
the dielectric constant. The above ratio is evidently equivalent, since 

(1—yi)\yi 
C2f2 = C1^1 to the ratio ••• ——. where, however, ^1 and y2 refer to 

the slightly different concentrations C1 and C2 (C2 being equal to C1-J-Jf2). 
Now for the four uni-univalent salts given in Table 5 the mean values 

of the percentage ionization at 0.08 normal is 84.4 at 180 and 80.9 at ioo°, 
or by interpolation, 80.6 at ioo0 at 0.08 X 1.042 normal (that is, at 
C1^1 /y2)< whence the value of the ratio just referred to is found to be 
1.30. The value of the corresponding ratio for the two tri-ionic salts 
at 0.08 normal is in the same way found to be 1.38.2 While the former 

1 Wied. Ann. Phys., 59, 50 (1896). 
2 The mean value of the percentage ionization for these two salts at 0.08 normal 

are 71.7 at 180 and 65.8 at 100°, or by interpolation 64.8 at i oo 0 at 0.08 X 1.09 normal. 
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of these values differs considerably from the ratio (1.40) of the dielectric 
constants, yet all the values lie in the same neighborhood. Indeed, the 
agreement is as close as could be expected, considering the character of 
the data involved. 

Finally, even though it seems theoretically to correspond to a less com
parable condition in the solution, yet, in view of the valence principle 
uedssdisc just below, it is of interest to note the values of the simpler 

C(i — Y2) 
ratio, -=-— .' of the concentration of the un-ionized substance at two 

temperatures at the same total concentration, instead of the same ion-
concentration. At 0.08 the value of this ratio for ioo°/ i8° is 1.22 for 
the four uni-univalent, and 1.21 for the two uni-bivalent salts, thus con
siderably less than the ratio of the dielectric constants. 

The degree of ionization of the different substances may be next con
sidered in relation to the ionic type to which they belong and to their 
chemical nature. It has already been pointed out that even up to the 
highest temperatures neutral salts of the same ionic type have roughly 
the same percentage ionization, the differences not exceeding 8 per cent, 
in any case investigated. The strong acids, hydrochloric acid and (up 
to 156°) nitric acid, and the strong bases, sodium and barium hydroxides, 
also conform in a general way to this principle, though their ionization 
seems to be several per cent, greater than that of the corresponding 
salts; it is worthy of mention, however, that this greater value may be 
due to an increase in the equivalent conductance of the hydrogen-ion or 
hydroxide-ion with the concentration of the solute, as is indicated to be 
the case by the transference results which have been obtained with these 
acids.1 

It is also remarkable that the rough proportionality which had pre
viously been shown to exist at ordinary temperatures3 between the un
ionized fraction of a salt at any concentration and the product of the 
valences of its ions has now been proved to persist up to the highest tem
peratures, where the degree of ionization has become much less. This 
is shown by the following summary: Under A are given the mean values 
of the percentage of un-ionized salt 100(1—y), for the neutral salts of each 

V\ V2. 

1 X i 
i X i 
I X 2 
2 X 2 

MoIs. 
per liter. 

O.04 

O.08 

O.04 

O.04 

18° 

A. 

12 

15 
28 

55 

B. 

12 

15 

14 

14 

looc 

A. 

15 
18 

34 
68 

B. 

15 
18 

17 
17 

I 

A. 

17 
2 1 

4O 

8 l 

56= > 

B. 
17 
21 

2 0 

2 0 

21 

A. 

2 0 

25 

51 

93 

s°. 
B. 

2 0 

25 

25 

23 

28) 

A. 

25 

31 
65 

[° . 

B. 

25 

31 
32 

3060. 

A. B. 

31 31 

39 39 
74 37 

1 See This Journal. 
2 For a discussion of this principle, see the author's article on "The Physical Prop

erties of Aqueous Salt Solutions," hoc. cit. 
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t ype a t the concentration 0.04 molal and for the uni-univalent salts a t 
0.08 molal; and under B are given the ratios of these values to the product 
of the valences (V1V2) of the ions. 

I t will be seen tha t the principle continues to hold, especially when 
the comparison is made a t the same equivalent concentration, even when 
the ionization has become very small; thus it is only 26 per cent, for the 
uni-bivalent salts a t 306° and only 7 per cent, for the bi-bivalent salt 
(magnesium sulphate a t 2180) . 

The ionization tendencies of phosphoric acid, acetic acid, and ammo
nium hydroxide, and the effect of temperature on them are best shown 
by the summary of their ionization-constants which is given in Table 
7.1 The concentration involved in the constant is expressed in equiva
lents per liter, and the constants themselves have been multiplied by io8 . 

TABLE 7.—IONIZATION-CONSTANTS OF PHOSPHORIC ACID, ACETIC ACID, AND AMMONIUM 
HYDROXIDE. 

Temperature. 
O 

18 

25 
50 
75 

100 

125 
128 
156 
218 
306 

Phosphoric acid. 

10400 
9400 
7000 
4800 

3400 

2230 
1420 

Acetic acid. 

18 

I I 

5 
i 
0 

2 

i 

42 
72 
139 

Ammonium hydroxide 

13-9 
17.2 
18.0 
18.i 
16.4 

13-5 
10.4 

6.28 
1.80 
0 0 9 3 

I t is evident from these results t ha t the ionization-constant for ammo
nium hydroxide increases considerably in passing from o 0 to 18°, then 
remains nearly constant up to 500 , and finally decreases with increasing 
rapidity as higher temperatures are reached, at taining at 306 °, a value 
which is only about one two-hundredth of tha t at 18 °; and tha t at all 
temperatures the values for acetic acid are not very different from those 
for ammonium hydroxide. Phosphoric acid is seen to have a much larger 
ionization, which, however, decreases steadily and very rapidly with 
rising temperature. 

The interpretat ion of the results obtained with sulphuric acid is com
plicated by the fact t ha t the ionization doubtless takes place in two 
stages; but in the original publication2 a method has been described 
which can only be referred to here, by which it is possible to determine 

1 In the case of phosphoric acid the values vary considerably with the concentra
tion in correspondence with the fact that the exponent in the concentration-function 
was found to be 1.8-1.9 instead of 2 as required by the mass-action law. The values 
here given are those at the concentration 0.05 formula-weights (H3PO4) per litp-r. 

2 Publication No. 63 of the Carnegie Institution, v. 271. 
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the hydrogen-ion concentration within fairly narrow limits from the con
ductance alone, without knowledge of the extent to which the separate 
stages occur. The method is of general application to dibasic acids; 
and, if the ionization-constant for the first hydrogen be known, as is true 
with many of the organic acids, the method could be used for computing 
that of the second hydrogen from the conductance at high dilutions 
where the second ionization is appreciable. The ratio of the hydrogen -
ion to the total hydrogen in the ease of sulphuric acid is thus found to 
vary in 0.08 normal solution from about 66 per cent, at 18° to 48 at 100J 

and 35 at 306 °. 

Similar calculations of the hydrogen-ion concentrations have been 
made in the case of potassium hydrogen sulphate. These show that in 
0.1 molal solution, at 1560, the hydrogen-ion concentration is not more 
than 3 per cent.; and this justifies the conclusion tha t the secondary 
ionization of sulphuric acid (into hydrogen-ion and sulphate-ion) in its 
own moderately concentrated solutions is also insignificant at this tem
perature and higher temperatures. Interpreted with the help of this 
conclusion the conductivity data for the acid show tha t the primary dis
sociation (into hydrogen-ion and hydrosulphate-ion) is about the same 
as tha t of hydrochloric acid at temperatures between 100° and 306 °; and 
it is reasonable to suppose that the same is true at lower temperatures 
down to 18°. 

With the help of this principle the ionization of the hydrosulphate-ion 
at 180 , ioo 0 , and 156° in the solutions both of the acid and acid salt 
has been computed. This ionization is thus found to be large at 180 , 
but it decreases very rapidly with the temperature. Thus in a 0.1 molal 
potassium hydrogen sulphate solution equal quantities of sulphate-ion 
and hydrosulphate-ion are present at 18°, while at i o o 0 there is only 15 
per cent., and at 1560 only 4 percent . , as much sulphate-ion as hydrosul
phate-ion in the solution. 

Only rough values of the ionization-constant of hydrosulphate-ion 
into hydrogen-ion and sulphate-ion can be given, since they vary very 
much with the concentration; some idea of its magnitude is furnished 
by the following values which hold at about 0.01 molal (or 0.002 molal 
a t 1560): 18500 X io~e at 180 , 1220 X io"6 at ioo 0 , and 115 X io~,; 

at 1560, whereas the ionization-constant of acetic acid at 180 is 18 >' 
io - 6 . From the change of the ionization-constant with the temperature, 
the heat absorbed (JE) by the reaction HSO 1

- -- H" --- SO4 has been 
found to be given by the expression: JE = 14,170 — 65 T, where '/ 'repre
sents the absolute temperature. From this it follows tha t the value 
at 180 is ---4750 calories, and at 100° —10,070 calories, while from Thorn-
sen's heat-of-neutralization measurements and our ionization data at 
itf° the value zci?.n calories is derived. 
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Conclusion. 
In the preceding paragraphs have been summarized the generalizations 

to be drawn from the results of these investigations, in regard to the be
havior of the varous types of chemical substances in aqueous solutions 
through a wide range of temperature. In conclusion, it seems, however, 
desirable to draw attention again to a theoretical principle of even more 
general import, which has been already presented in a previous article 
by the author as a conclusion apparently justified by a study of the then 
existing data, for this principle has now received a further confirmation 
through the demonstration of the fact that certain purely empirical laws 
relating to the ionization of salts in water still continue to be valid, even 
when the physical condition of that solvent is greatly altered by a large 
change in its temperature. This principle is that the ionization of salts, 
strong acids, and bases is a phenomenon primarily determined not by 
specific chemical affinities, but by electrical forces arising from the charges 
on the ions; that it is not affected (except in a secondary degree) by chem
ical mass action, but is regulated by certain general, comparatively 
simple laws, fairly well established empirically, but of unknown theoretical 
significance; and that, therefore, it is a phenomenon quite distinct in al
most all its respects from the phenomenon of dissociation ordinarily 
exhibited by chemical substances, including that of the ionization of 
weak acids and bases. 

The most important facts leading to this conclusion are the approxi
mate identity of the ionization values for salts of the same ionic type; 
the existence of a simple approximate relation between the value of the 
un-ionized fraction and the product of the valences of the ions; the smal 
effect of temperature on the ionization of salts and a parallelism between 
the magnitude of that effect and the effect upon the dielectric constant 
of water; the validity of an exponential relation between ionization and 
concentration, which differs from that required by the mass action law, and 
which is approximately the same at all temperatures and for different 
ionic types of salts; and the fact that the optical properties and other 
similar properties of dissolved salts (when referred to equal molal quan
tities) is independent of this concentration and therefore of their ioniza
tion, so long as the solution is even moderately dilute. 

The molecular explanation of these facts and the more general con
clusions drawn from them would seem to be that primarily the ions are 
united somewhat loosely in virtue of their electrical attraction to form 
molecules, the constituents of which still retain their electric charges and 
therefore, to a great extent, their characteristic power of producing optical 
effects and such other effects as are not dependent on their existence as 
separate aggregates. Secondly, the ions may unite in a more intimate 
wav to form ordinary uncharged molecules, whose constituents havp mm- _ 
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pletely lost their identity and original characteristics. These two kinds 
of molecules may be designated electrical molecules and chemical mole
cules, respectively, in correspondence with the character of the forces 
which are assumed to give rise to them. Now in the case of salts and 
most of the inorganic acids and bases, the tendency to form chemical 
molecules is comparatively slight, so that the neutral electrical molecules 
greatly predominate. On the other hand, in the case of most of the 
organic acids, the tendency to form chemical molecules is very much 
greater, so tha t as a rule these predominate. The facts, moreover, indi
cate tha t chemical molecules are formed from the ions in accordance with 
the principle of mass action,1 but that electrical molecules are formed in 
accordance with an entirely distinct principle, whose theoretical basis is 
not understood. 

It is to be expected tha t with neither class of substances will the pre
dominating type of molecule be alone present; and tha t minor deviations 
from the mass action law in the case of moderately ionized substances, 
and from the usual empirical law in the case of largely ionized substances, 
may well arise from the presence of a small proportion of molecules of the 
other type. In the former case, we may indeed with some confidence 
predict quanti tat ively tha t tha t proportion of electrical molecules will 
always be present which corresponds for the type of substance in ques
tion to the concentration of its ions in the solution. 

A fuller experimental investigation of the properties of dissolved salts, 
especially of those of polyionic types, and of the phenomena of the solu
bility effect and the distribution into a gaseous or another liquid phase 
of ionizing substances, if combined with a thorough and persistent s tudy 
of all the available data, gives promise of suggesting a fuller theoretical 
explanation of this remarkable behavior of largely ionized substances in 
aqueous solution. Even if such a theoretical interpretation should not 
be discovered, one may at least hope to determine with greater accuracy 
and certainty the laws of the equilibrium between the ions and un-ionized 
molecules, and between the two forms of the latter, in case their existence 
shall be more fully substantiated. The facts already known make it 
almost certain tha t we have, here to deal with a new kind of equilibrium 
phenomenon, and not simply with some deviation of a secondary nature. 

1 The best evidence of this is that furnished by the change of the conductance of 
slightly ionized electrolytes with the concentration; but distribution experiments also 
indicate it. Thus it is probable that as a rule the chemical molecules alone distribute 
into the gaseous phase or into organic solvents and that therefore the concentration of 
the substance in such phases is a measure of the concentration of those molecules in 
the aqueous solution; and the few experiments thus far published indicate that the 
latter is at least approximately proportional to the product of the concentrations of the 
ions. (Compare the experiments on picric acid by Rothmund and Drucker, Z. physik. 
Chem . A6. 826 Cioo-jV). 
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arising, for example, from a somewhat abnormal osmotic pressure, or a 
change in the migration velocities of the ions, as has been assumed by 
most authors. 

In conclusion, I desire to express to the authorities of the Carnegie 
Institution my great indebtedness for the assistance rendered me in the 
prosecution of these researches; for without such aid little progress could 
have been made up to the present time. 

BOSTON, December 1907. 
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To Leach and Lythgoe belong the credit of having first determined, 
by means of the Zeiss immersion refractometer, the refractive powers of 
aqueous solutions of methyl and ethyl alcohols and of publishing the re
sults2 in tabular form for the entire range from zero per cent, to one hun
dred per cent, for the temperature of 200. An earler table3 by B. Wag
ner comprises the range for ethyl alcohol only from zero to three hundred 
and thirty, expressed in grams per liter. 

The method used by the first-named authors for fixing the concentra
tion of the solutions of which they observed the refraction, is not men
tioned in their publication, but the inference is that they deduced the 
concentrations from density determinations by means of Hehner's tables. 

Since, in case of nearly absolute and of very strong alcohol, the refrac
tometer and density constants bear such a relation to one another that 
the concentration may be much more accurately inferred from the former 
than from the latter, it follows, that the refraction constants should be 
fixed independently of observations of specific gravity. For this and 
other reasons, I decided to prepare absolute alcohol, and from this to 
make, by dilution with known weights4 of water, the solutions needed 
for the refractometric work. 

Preparation of the Absolute Alcohol. 
Three methods came into consideration for the preparation of the abso

lute alcohol required, viz., the usual quick-lime process; the method 
of Winkler5 with metallic calcium, and the Evans and Fetsch6 and Konek7 

1 Read before the American Chemical Society, January 2, 1908. 
2 This Journal, 27, 964 (1905). 
3 Dissertation, Jena (1903). 
4 The weighings were not reduced to vacuum. 
"Ber., 38, 3612 (1905). 
8 This Journal, 26, 1158 (1904). 
7 Ber., 39, 2263 (1906). 


