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Ammonium chloride vapor is 67-63% dissociated between 2800 and 
330°; and although the degree of dissociation is very nearly constant, it 
decreases slightly between these temperatures. Ammonium bromide 
vapor is about 39% dissociated at 3200, and above this temperature the 
percentage dissociation decreases linearly, until, at 388 °, it is about 
10%. Ammonium iodide vapor is associated, especially at lower tem­
peratures, but the amount of association decreases, and the dissociation 
increases as the temperature rises. The assumption that the vapors of the 
ammonium halides are completely dissociated is therefore no longer 
tenable. 

The dissociation constants of ammonium chloride and bromide are 
calculated. That of ammonium chloride vapor increases steadily with 
the temperature, whereas that of ammonium bromide vapor passes 
through a maximum near 320°, and then decreases. 

The heat of dissociation of ammonium chloride vapor is computed by 
the van't Hoff equation, and is represented by the relation, U = —• 12800-
0.00967T2 gram calories (U is heat evolved). The mode of variation of 
the dissociation constant with the temperature indicates that the dissocia­
tion of ammonium bromide vapor above 320 ° is accompanied by the 
evolution of heat, but the actual value of the heat of dissociation can not 
be computed. 

The latent heats of vaporization are calculated by the Clausius-Clapey-
ron equation. That of ammonium chloride is 32.9 kg. cal. between 280° 
and 330°, and is constant within 1%; that of ammonium bromide is 28.7 
kg. cal. at 320°, and decreases to 24.1 at 388 °; that of ammonium iodide 
increases from 18.0 kg. cal., at 300°, to 24.2 at 3800. 

The partial pressures of the various components in the ammonium 
chloride and bromide vapors are computed. 

NICHOLS LABORATORIES O» INORGANIC CHEMISTRY. 
COLUMBIA UNIVERSITY, N E W YORK, N. Y. 

ON THE RATE OF REDUCTION OF MERCURIC CHLORIDE BY 
SODIUM FORMATE. 

BY G. A. LINHART. 

Received November 12, 1914, 

In a previous paper1 an investigation of the rate of the reduction of 
mercuric chloride by phosphorous acid was described. The purpose of 
this article is to present the results of a similar study of the rate of re­
duction of mercuric chloride by sodium formate, with special reference 
to the influence of sodium chloride upon it, which has already been shown 
to have a great effect on the reduction by phosphorous acid. 

Very recently, after the experimental work described below had been 
1 Linhart, Am. J. Sd., 35, 353-368 (1913)-
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completed, a preliminary communication on this same subject was pub­
lished by Findlay and Davies.1 These investigators conclude from a 
large number of experiments at various temperatures and concentrations 
that the reaction between sodium formate and mercuric chloride is one of 
the second order, because when their experimental results are substituted 
in an equation representing a reaction of the third order the reaction 
velocity coefficient gradually increases to about 40%, while if substituted 
in one representing a reaction of the second order, the velocity coefficient 
decreases only by about 17%. As these figures created some doubt, 
in the authors' own minds as to the mechanism of this reaction, they cited 
the similar reaction between mercuric chloride and phosphorous acid,2 

which has been shown to be of the second order, and state that a similar 
explanation to justify the assumption that the reaction between mer­
curic chloride and sodium formate is theoretically one of the second order, 
appears to be very doubtful. I t will be evident from what follows, not 
only that the mechanism of the reaction between mercuric chloride and 
sodium formate may be interpreted in a similar manner to that of mer­
curic chloride and phosphorous acid, but that concordant velocity con­
stants may be obtained if the experiments are performed under the proper 
conditions. 

There are two opposing factors which tend to obscure the mechanism 
of the reaction between mercuric chloride and sodium formate. First, 
the association of the mercuric chloride in water solution;3 and secondly, 
the formation of sodium chloride. The double molecules of mercuric 
chloride being present in considerable proportion at higher temperatures 
and gradually dissociating with the dilution would tend to accelerate the 
velocity of the reaction to some extent, as the simple molecules are found 
to be more reactive. On the other hand, the sodium chloride, increasing 
in concentration as the reaction proceeds, combines with the mercuric 
chloride, forming NaHgCl3, and subsequently Na2HgCl4, which react 
with the sodium formate extremely slowly, as is shown in the table, Expt. 
7. Since the second factor very much more than compensates the first, 
the velocity coefficient, K, will consequently decrease. In order to over­
come these difficulties the reaction must be allowed to take place either at 
such dilutions that the mercuric chloride is practically all in the form of 
simple molecules, HgCl2, so that the resulting sodium chloride can exert 
no appreciable influence; or, in a large excess of sodium chloride so that 
there could be no free HgCl2 molecules, and the influence of the small 
amount of sodium chloride, formed in the course of the reaction, would 

1 J. Chem. Soc, 103, 1550-1554 (1913). 
2 See discussion of results. 
3 A paper on this subject is ready for publication See also Sand and Breest, 

Z. physik. Chem., 59, 426; 60, 237; Jander, Z. Electrochem., 8, 688. 
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be negligible as compared with the total amount initially present. There 
is another factor which tends to modify the course of the reaction, namely, 
the formation of hydrochloric acid, but this may easily be remedied either 
by the addition to the reaction mixture of a soluble salt of a weak acid, 
as was recommended in a previous paper,1 or by the addition of a sufficient 
amount of finely divided barium carbonate. 

Experimental. 
Standardization of the Mercuric Chloride and Sodium Formate.—A 

weighed amount of mercuric chloride was dissolved in distilled water or 
in aqueous sodium chloride of known concentration. Of this solution 10 
cc. were pipeted off, by means of a carefully calibrated pipet, and trans­
ferred into several glass test tubes, of about 40 cc. capacity, which had pre­
viously been constricted at about i1// from the mouth to a size just large 
enough to admit the stem of the pipet and to allow the displaced air to 
escape. To this were added 10 cc. of a solution containing about twice the 
theoretical amount of sodium formate. The tubes were then sealed, 
allowed to cool, the contents well mixed, and the tubes submerged in a 
thermostat kept at 40°. When two consecutive analyses of the mercurous 
chloride in the tubes about twenty-four hours apart showed no increase 
in the amount of the mercurous chloride, the reduction was considered 
complete. Moreover, these results always agreed within 0.2-0.3%, 
with the theoretical amount of mercurous chloride calculated from the mer­
curic chloride originally present. In a similar manner the concentration 
of the sodium formate was determined by using an excess of mercuric 
chloride. 

Reaction Velocity Measurements.—All experiments were carried out 
in sealed glass test tubes. As soon as two tubes were filled with 10 cc. 
of the standardized mercuric chloride containing the sodium chloride, and 
10 cc. of the standardized sodium formate, containing the sodium acetate, 
they were sealed, allowed to cool, shaken and submerged in a thermostat 
kept at 40°, where they were held in position by means of coiled brass 
springs. The time, t, was counted from the moment the tube was sub­
merged until it was removed from the thermostat and plunged into ice 
water to check the reaction. At definite intervals a tube was withdrawn; 
the capillary tip carefully broken off and three scratches made with a 
sharp triangular file in a horizontal plane, on each side of which was placed, 
a folded piece of wet filter paper. The tube was then brought in a vertical 
position ot the point of a small blast lamp flame, care being taken not to 
allow the upper part of the tube to fly off, as it often contained some 

1 Linhart, New York Med. J., June 14, 1913. The addition of sodium acetate, 
sodium citrate, and sodium bicarbonate, in particular, causes the reaction between 
mercuric chloride and phosphorous acid to become instantaneous, while in the 
case of mercuric chloride and sodium formate the action is merely accelerated. 
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mercurous chloride. After the tube was thus cracked the upper part was 
lifted off and the contents filtered through an ignited and weighed perforated 
platinum crucible, fitted with an asbestos mat. The precipitate was washed 
first with warm water, then with a little dilute hydrochloric acid, and 
finally with warm water until the wash water was free of impurities. 
I t was found advisable in filtering the mercurous chloride to use light 
suction at first to avoid clogging of the asbestos mat, which would vitiate 
the experiment because of the delay in stopping the reaction. After most 
of the moisture had been exhausted by the aspirator, the crucible was sus­
pended in a drying oven maintained at a temperature between 105° and 
n o 0 for thirty minutes. The crucible was then allowed to cool in a desic­
cator and weighed. 

TABLE I. 

Experimental Results at 40 ° Showing the Retarding Influence of Sodium Chloride. 

Expt. No. 
i 

Initial concen. 

A = O.OI 

B = 0.061 

( N a A c = 0.5) 

(NaCl = 0.0) 

A = 0.01 

B = 0.0061 

( N a A c = 0.5) 

(NaCl = 0.0) 

A = 0.1 

B = 0.061 

( N a A c = 0.5) 

(NaCl = 0.0) 

A = 0.1 

B = 0.061 

( N a A c = 0.5) 

(NaCl = 0.25) 

* in 
hours. 

3 - 1 
4.6 
8.6 

1 8 . 8 

23-7 

36.5 
8 3 . 0 

1 0 6 . 0 

2 0 5 . 0 

3 1 8 . 0 

5 6 0 . 0 

i - 9 

5-7 
8.4 

1 8 . i 

2 9 . 0 

44.8 
5 5 - 0 

76.5 

2 . 3 
1 1 . 7 

2 2 . 3 

4 2 . 0 

5 1 - 3 
6 0 . 0 

7 2 . 0 

9 6 5 

HgCl in 
grams. 

O . O I 3 5 

O . O 1 8 2 

O . 0 2 8 2 

O . 0 4 0 4 

O . 0 4 3 I 

0 . 0 4 7 i 

O . O I 3 5 

O . 0 2 3 I 

O . 0 2 6 2 

O . O 3 4 5 

O . O 3 8 8 

O . O 4 3 I 

O . 0 4 7 I 

O . 0 6 8 5 

O . 1 5 2 8 

O . I 9 3 0 

O . 2 7 9 7 

0 . 3 3 4 0 
O . 3 7 7 2 

O . 3 9 4 6 

O . 4 1 9 6 

O . 4 7 I O 

0 . 0 4 6 0 

0 . 1 6 1 5 

0 . 2 3 3 0 

0 . 3 0 4 2 

0 . 3 2 7 8 

0 . 3 4 5 3 

0 . 3 6 3 4 

0 . 3 8 9 3 
0 . 4 7 1 0 

x in mols. 

0 . 0 0 2 8 6 6 

O . O O 3 8 6 4 

O.OO5987 

O.OO8578 

O.OO9151 

O.OIOOOO 

0 . 0 0 2 8 6 6 

0 . 0 0 4 9 0 4 

0 . 0 0 5 5 6 3 

0 . 0 0 7 3 2 5 

0 . 0 0 8 2 3 8 

0 . 0 0 9 1 4 9 

O.OIOOOO 

0 . 0 1 4 5 4 

0 . 0 3 2 4 4 

0 . 0 4 0 9 8 

0 . 0 5 9 3 8 

0 . 0 7 0 9 1 

0 . 0 8 0 0 8 

0 . 0 8 3 7 8 

0 . 0 8 9 0 9 

O.IOOOO 

0 . 0 0 9 7 7 

0 . 0 3 4 2 9 

0 . 0 4 9 4 7 

0 . 0 6 4 5 9 

0 . 0 6 9 6 0 

0 . 0 7 3 3 1 

0 . 0 7 7 1 6 

0 . 0 8 2 6 3 

O. IOOOO 

K. 

1 . 8 0 

1 . 7 9 

1 - 7 9 
1 . 7 8 

1 . 8 0 

i - 7 4 

! • 7 5 

1 . 7 5 
1 . 7 7 

1 - 7 5 

1 . 7 5 

1 - 4 3 

1 . 3 2 
1 . 2 7 

1 . 1 7 

1 . 1 4 

1 . 1 0 

1 . 0 9 

1 . 0 7 

o . 7 7 3 
0 . 7 0 9 

0 . 6 6 0 

0 . 6 1 4 

0 . 6 1 0 

0 . 6 0 8 

0 . 6 0 0 

0 . 5 8 4 
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Expt. No. 
5 

6 

7 

T A B U 

Initial concen. 

B = 0.061 
(NaAc = 0.5) 
(NaCl = 0.5) 

. . . . . A = 0.0985 
B = 0.0610 
(NaAc = 0.5) 
(NaCl = 1.0) 

B = 0.0610 
(NaAc = 0.5) 
(NaCl = 2.0) 

e I (,continued). 
t in 

hours. 
3-1 

12.4 
22.9 

42.5 
63.8 
74-3 
86.4 
99.0 

119.4 

12.5 
22.6 
47.2 

69-3 
108.6 
H 3 . 0 

28.0 

5 3 3 

77-3 
102 .4 
146.0 
197-4 

HgCl in 
grams. 

O.0386 
0.1192 
0.1800 
O.2535 
O.2993 
O.3168 
0.3336 
0-3475 
0.3677 
0.4710 

0.0710 
0.I146 
0.1894 
0.2342 
0.2890 
0.3220 
0.4638 

0.0726 
0.1235 
0.1600 
0.1916 
0.2355 
0.2708 

x in tnols. 
O.00820 
0.02531 
O.03822 
O.05382 
O.06355 
O.06726 
0.07083 
0.07378 
0.07807 
0.10000 

0.01507 
0.02433 
0.04021 
0.04977 
0.06136 
0.06837 
0.09850 

0.01541 
0.02622 
0.03397 
0.04068 
0.05000 
0.05749 

K. 

0.466 
0.445 
0.418 
0.408 
0.389 
0.385 
0.380 
0.376 
0.376 

0.229 
0.229 
0.225 
0.219 
0.215 
0.215 

0.106 
0.107 
0.106 
0.105 
0.105 
0.103 

0.4638 0.09850 

Discussion of the Results. 
It is evident from Expts. 1, 2 and 7 that fairly concordant velocity con­

stants may be obtained if the reaction proceeds under favorable conditions. 
I t is also interesting to note that as the initial concentration of the sodium 
chloride is increased from 0.0 in Expt. 3 to twice normal in Expt. 7, the 
velocity coefficient gradually approaches constancy until in Expt. 6 the 
difference between the first and the last figures is only about 6%; also the 
total effect of the sodium chloride in the lowering of the magnitude of the 
velocity coefficient is seen to vary gradually from approximately 1.8 in 
Expt. i to 0.105 i n Expt. 7. As far as the constants of Expts. 1, 2, 6 and 7 
show, then, the reaction between mercuric chloride and sodium formate 
is evidently one of the second order, and it only remains to make the 
theory fit the figures. 

The reaction between mercuric chloride and sodium formate may be 
represented in a similar manner to the one between mercuric chloride 
and phosphorous acid, thus: 

O 

(a) HgCl2 + H - P = (OH)2 = HgCl + HCl + H2PO8 
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O 

(6) 2H2PO3 + H2O = H — P = (OH)2 +. H3PO4 

•where reaction (6) is assumed to be practically instantaneous. Similarly: 
(c) HgCl2 + H — COONa = HgCl + HCl + (—COONa) 

In (a) we have a well-known compound formed, hypophosphoric acid, 
readily hydrated and incapable of reducing mercuric chloride except in­
directly as indicated in (b). But no such compound as —COONa is known. 
However, two such radicals in their nascent state might unite to form one 
molecule of sodium oxalate. But it is well known that sodium oxalate 
does not have the property of reducing mercuric chloride under ordinary 
•conditions. Moreover, no trace of oxalates could be detected at any stage 
of the reaction. The most plausible assumption, then, is that the second­
ary reaction is similar to (b); that is, two radicals at the instant of libera­
tion combine with one molecule of water to form one molecule of sodium 
formate and one of sodium hydrogen carbonate which is at once de­
composed by the hydrochloric acid generated at the same time. The 
reactions, although occurring simultaneously, may be represented by the 
following equations: 

(d) HgCl2 + H — COONa = HgCl + HCl + (-COONa) 
(e) 2 — COONa + H2O = HCOONa + NaHCO3 

(/) NaHCO3 + HCl = NaCl + H2O + CO2 

Denoting the molal concentration of the mercuric chloride by A, that 
•of the sodium formate by B, and by x the amount of the reacting substances 
decomposed, or the amount of mercurous chloride formed at time t, we 
.have 

^ = K ( A - X ) ( B - X + 1AX)I 

^ = V2K(A - X ) ( 2 B - X) 

= (2) (2.3) . A(aB—X) 
(2B — A)* S 2B(A-X) 

Summary and Conclusion, 
i. I t has been shown fairly conclusively, both experimentally and 

theoretically, that £he reaction between mercuric chloride and sodium 
formate, like that between mercuric chloride and phosphorous acid, is 
•one of the second order. 

2. The retarding influence of the sodium chloride formed in the reaction 
is remarkable. Its effect, however, was reduced to a minimum by working, 
•on the one hand, with dilute solutions of mercuric chloride, and, on the 

1 Since for every two molecules decomposed one molecule is regenerated, see also 
-Am. J. Set., 35, 353-36fe (1913)-
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other hand, by adding a large excess of sodium chloride initially to the 
reaction mixture, so that the amount of sodium chloride formed in the re­
action was rendered negligible. Under these conditions concordant ve­
locity constants were obtained as may be seen from Expts. i, 2 and 7. 

The experimental part of this work was begun at the Kent Chemical 
Laboratory of Yale University. 
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In a discussion of the constitution of liquid amalgams, C. H. Desch1 

makes the following statements: "In simple eutectiferous series, in which 
the freezing-point curve shows no indication of the formation of compounds, 
we may safely accept the conclusion arrived at by the three methods 
described above (i. e., the cryoscopic, vapor-pressure, and electromotive-
force methods), that the dissolved metals are monatomic. In series in 
which compounds occur, it remains as yet an open question whether the same-
condition'prevails, or whether compounds containing a single atom of the 
dissolved metal in each molecule, are also present.2 The only experimental 
method which gives any indication of a definite answer to this question is. 
that of measuring the velocity of diffusion in liquid metals." He then 
proceeds to describe a portion of a paper by the writer3 in which this method 
is developed by the latter by means of M. von Wogau's4 experimental' 
measurements of the rate of diffusion of various metals in mercury, and 
in which it is shown by this method that, in the case of the alkali and alkali 
earth amalgams, such compounds do actually exist in the mercurial solu­
tions.6 

In the above-mentioned paper,3 however, another experimental method 
is also developed, which, although it is at least capable of furnishing con­
firmatory evidence of the same thing, was in that paper apparently not ex­
plained sufficiently in detail. I t is with the purpose of furnishing a clearer 
exposition of the latter method that the present paper is written. 

1 "Text-Books of Physical Chemistry," edited by Sir William Ramsay; "Metallog­
raphy," by Cecil H. Desch, ed. 1910, p. 3331. 

2 The italics are the writer's. 
s G. Mc. P. Smith, Z. anorg. Chem., 58, 381 (1908). 
4 Max von Wogau, Ann. Physik, 23, 345 (1907). 
6 The diffusion method as applied to the study of the constitution of metallic 

solutions has subsequently been placed upon a firm theoretical basis (cf. G. Mc. P. 
Smith, THIS JOURNAL, 36, 859 (1914)). 


