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:LXXVIII. -Transformation of Awmonium Cyanate into 
Ui.ea. 

By JAMES WALKER, D.Sc, Ph.D., and FRED. J. HAMBLY, B’,I.C., 
University College, Du ndee. 

S1n.m Wijhler’s memorable observation that ammonium cyanate 
spontaneously undergoes transformation into urea, the subject, pro- 
bably from the very magnitude of the result achieved, has been 
entirely neglected. One or two points of interest, however, occur in 
connection with this transformation, and i t  is the object of the 
present paper to draw attention to them. 

Liebig and Wohler ( A m .  Phys. Chem., 1830, 20, 393) note that 
whilst the change takes place immediately on boiling the aqueous 
cyanate solution, i t  is gradual when the solution is left to evaporate 
in the air, or is evaporated by the aid of a gentle heat. It thus 
seemed possible that the course of the reaction might be followed at 
different temperatures, provided that a method could be found For 
estimating in a simple fashion the amount; of ammonium cyanate or of 
urea in the sollition at any specified time. Such a method was 
developed by taking advantage of the circumstance that silver nitrate 
has no action on urea, whereas with ammonium cyanate i t  yields a 
silver salt practically iusoluble in cold water. 

Nethod of Estimation. 

The mode of experiment was as follows. A measured volume of 
the solution to be investigated was introduced into a small flask con- 
taining a known voIume of decinormal silver nitrate solution, in 
excess of the quantity necessary to completely precipitate the 
cyanate. The contents of the flask were cooled as rapidly as possible 
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OF AMMONIUM CTANATE INTO UREA. 747 

to the ordinary temperature by means of a stream of water, and 
allowed to remain for a few minutes. The silver cyanate had then, 
as a rule, collected to an easily-filtered precipitate, the filtrate from 
it being either quite clear or only slightly opalescent. The contents 
of the flask were thrown on a 5-cm. filter, the flask rinsed out twice 
with water, and the precipitate washed three times on the filter. The 
filtrate was then transferred to a porcelain basin, and the excess of 
silver in i t  titrated by Volhard's method with 1/50 N ammonium 
thiocyanate solution. 

The solubility of silver cyanate in water at  the ordinary tempera- 
ture is so slight as to be within the experimental error of the method. 
It was found that the amount dissolved by 200 parts of water at 16' 
is 0.006 ; that is, 25 C.C. of water dissolve what corresponds to 0.1 C.C. 

of 1/50 N thivcyanste solution. As the filtered solution, including 
wash water, never amounted to more than 50 c.c., the maximum 
error from this source is 0.2 C.C. of thiocyanate solution; and this 
amonnt is never even approximately reached, as the solubility of 
silver cyanate is greatly diminished by the presence of the silver 
nitrate in the filtrate. An experiment with centinormal silver nitrate, 
instead of water, showed that the solubility of silver cyanatc in this 
solvent is so small as not to be detected in the titration. 

The error of the method, that is, in the filtration, washing, and 
titration, may be estimated at  0.1 C.C. of the thiocyanate solution, 
two determinations with the same sample seldom differing by more 
than that amount. 

Rezersibility of the Transformation. 
It seems to have hitherto escaped observation, that urea, when 

heated at 100" with water, is partially retransformed into ammonium 
cyanate. It is of course well known that silver cyanate is formed 
when a solution of urea is evaporated down with silver nitrate, but this 
has been uniformly attributed to a specific action of the silver salt. 
Urea itself gives no precipitate with silver nitrate, but if a solution 
of it be kept a t  100" for  half an bow,  then cooled and a silver salt 
added, i t  gives a considerable precipitate, which has the characte- 
ristic properties of silver cyanate. That this precipitate is formed 
by the double decomposition of silver nitrate with ammonium 
cyanate is proved by the fact that the quantity of silver cyanate ob- 
tained keeps equal pace with the amount of ammonia found in the 
solution by Nessler's process. Thus a decinormal solution of urea, 
which originally gave no coloration with Nessler's solution, yielded 
t,he following numbers when heated to 100'. After 10 minutes, the 
amount of urea transformed, as estimated by the silver nitrate 
method, was 1.2 per cent., as estimated by Nessler's method 1.3 per 
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748 WALKER AND HAMBLY : TRANSFORMATION 

cent. After 25 minutes the corresponding numbers were 3.2 per 
cent. and 4.0 per cent. respectively. These numbers agree with each 
other within the experimental error, as the quantities estimated were 
very small. 

Pyeparntim of Ammonium Cyanate Solutions. 
The method adopted for the preparation of the solutions of ammo- 

nium cyanate was the decomposition of silver cyanate by ammonium 
chloride. T h e  silver cyanate was prepared by heating a seminormal 
solution of silver nitrate with 5 equivalents of urea €or four hours a t  
looo, the silver cyanate produced being filtered off twice or  thrice in 
tbat interral. The silver salt obtained in this way was in the form 
of fine needles, and required no purification. It was drained on a 
filter plate, washed thoroughly with water, and dried in an exharisted 
desiccator. The yield, with the quantities given above, is 88 per cent. 
of the silver nitrate taken, in accordance with the theoretical number 
of 90 per cent., the mode of deducing which will be given later, 

0.4995 silver cyanate gave 0.3585 Ag. Ag = 71.8. Calculated 

The ammonium cyanate solution for  each day's work was prepared 
specially, as even at  the ordinary temperature the transformation 
into urea is fairly rapid. To obtain the solution of the requisite 
strength, a weighed quantity of finely powdered silver cyanate, very 
slightly in exces8 of that calculated, was washed into a measuring 
flask, into which had been introduced a quantity of ammonium 
chloride, accurately weighed to give the ammonium cyanate solution 
of the proper strength when the mixture was diluted to the mark. 
Occasionally a measured quantity of ammonium chloride solution of 
known concentration was added instead of the weighed solid. After 
the flask had been filled to the mark with water, the contents mere 
kept continually agitated for  an hour, as the action between the prac- 
'tically insoluble silver cyanate and the ammonium chloride is compara- 
tively sluggish. At the end of that time, however, it may be assumed 
to be complete, for a part of the filtered solution when treated with 
nitric acid gives no precipitate, either with silver nitrate or with 
ammonium chloride. Each filtered solution was tested in this way 
before being used, and rejected if more than a slight opalescence 
appeared with either of the reagents. 

Ag = 72.0 per cent. 

Determination of the Equilibrium Point, 

For the calculation of the velocity constant of the reaction, it wa.s 
necessary to determine the point at  which the transformation ceased. 
This point should be the same, whether approached from the ammo- 
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O F  AMJIONIUM CYANATE INTO UREA. 7413 

nium cyanate end or from the urea end, as it is the point at  which 
the two opposed actions are balanced, as much ammonium cyanate 
being transformed into urea i n  a given time as is reproduced from 
the urea in the same time. As the rate a t  which the ammonium 
cyanate is converted into urea is much greater than the rate of the 
reverse action, it follows that the end-point must lie near the urea 
end. 

Experiments with decinormal urea at  100' gave the following 
results. 

Percentage of urea 
t .  Titre. transformed. 
0 5-00 0 

14 4.40 2.4 
60 3.85 4.6 

182 3.90 4.4 
120 3.90 4.4 

0 5.00 0 
15 4.60 1.6 
32 4.10 3.6 
55 3.90 4.4 
87 3.95 4.2 

107 3-90 4-4 
In the first column, the time in minutes from the beginning of the 

heating is given. I n  the second column, we have the numbers 
obtained by adding 5 C.C. of the solution t o  1 C.C. of decinormal silver 
nitrate, filtering, and titrating with 1/50 N ammonium thiocyanate 
solution. Four times the difference between these numbers and 5.0 
gives the percentage of urea transformed. It is apparent that after 
an hour the end-point is reached, no further change in the titre 
taking place. 

Approaching the end-point from the other side (decinormal ammo- 
nium cyanate) we obtained the following results. 

Percentage of cyanate 
t .  Titre. transformed. 
0 0 0 

11 18.9 75.6 
30 20.9 83.6 
60 21.3 85.2 
90 22.3 89.2 

120 23.2 92.8 
Five c.c of the solution were added to 5 C.C. of decinormal silver 

nitrate, and the filtrate titrated as usr.al with 1/50 N thiocyanate. 
The quantity of urea, transformed in no case that we observed 

3 E 2  
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750 ITALKER AND HANBLY : TRANSFORMATION 

exceeded 93 per cent'., the maximum numbers obtained in a consider- 
able number of experiments averaging 91.6 per cent. This number, 
when added to  the number obtained from the urea experiment, 
should give a sum equal to 100, but, as we see, the sum on the 
average only reaches 96. This deficit, however, is easily accounted 
for. Ammonium cyanate, while passing for the most part into 
urea, undergoes at  the same time a subsidiary transformation 
into ammonium carbonate. Now, 1 mol. of ammonium cyanate is 
transformed into 1 mol. of ammonium carbonate, but whilst the 
former fixes one equivalent of silver nitrate, the latter fixes two ; so 
that more silver nitrate is precipitated than would be the case i f  no 
such secondary transformation had occurred, and the quantity of 
silver left for  titration in the filtrate is in consequence too small. 
The formation of ammonium carbonate can be detected by the soh- 
tion giving a precipitate with calcium nitrate, this precipitate dis- 
solving with effervescence in acetic acid. A quantitative experiment 
gare the following results. 

Forty C.C. of a decinormal ammonium cyanate solution, which had 
undergone transformation at  6 9 O ,  were precipitated with calcium 
nitrate and a little ammonia. The carbonate obtained was converted 
into calcium sulphate, the weight of which was found to be 
0,0221 gram. This corresponds to 10 milligrams of ammonium 
cyanate, the total quantity in 40 C.C. of n decinormal solution being 
0.24 gram. Thus 4 per cent. of the ammonium cyanate had been 
converted into ammonium carbonate, an amount which exactly 
accounts for the deficit above noted. 

It will be seen from the table that the conversion of ammonium 
cyanate into urea at  100" proceeds very rapidly, three-fourths of the 
total amount being transformed in 11 minutes. In every case, n 
brown turbidity was observed in the solution after 30 minutes at 
loo", which was probably due to the reduction of a trace of silver 
compound in the solution. The silver precipitates, also, obtained 
from solutions at  this temperature, were usually brown, marking a 
secondary decomposition of the ammonium cyanate. 

The true end-point for the equilibrium between ammonium cyanate 
and urea, must lie very close to that obtained with urea solutions, for 
there the amount of ammonium cyanate, and consequently the 
amount of secondary decomposition, is throughout a t  a minimum. 
No apprecia-ble precipitate with calcium nitrate was obtained with 
such solutions, and we may thus assume that the theoretical end- 
point of the transformation of ammonium cyanate into urea, were there 
no secondary decomposition, would, a t  loo", lie at  95 per cent. with a 
possible error of 0.5 per cent. 

It was of both theoretical and practical importance to determine 
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OF A3IXONIUN CYANATE INTO UREA, 751 

the displacement of the end-point by variation of temperature, and 
experiments were made with this object. 

At low temperatures, the transformation of urea proceeds so slowly 
that the end-point might only be reached after weeks or even 
months. Solutions were therefore made up containing both urea and 
ammonium cyanate in such proportions that the composition approxi- 
mated to that of the solution in equilibrium at  100'. A decinormal 
solution with 5 per cent. of cyanate and 95 per cent. of urea did not 
change in titre on remaining for 43 hours at  39'. A similar solution, 
containing tL per cent. of cyanate and 98 per cent. of urea, showed a 
diminution of 0.25 c.c., or 0.5 per cent. under the same conditions. 
Some of the urea had therefore been converted into ammonium cya- 
nate, so that we must conclude that temperature influences the end- 
point but little, since at  100' i t  stands at 95 per cent., and at 39' 
lies between that figure and 97.5 per cent. at the utmost, being, in all 
probability, much nearer the former than the latter. 

As the velocity experiments were all made with ammonium cyanate 
solutions, the " practical " end-point, as recorded by the maximum 
titre a t  loo', was taken instead of the real end-point, which does not 
allow for the secondary decomposition of the cyanate. Thus, with 
decinormal solutions, the calculations were performed with the end- 
point 91.6 per cent., or 22.9 C.C. of the titrating solution, except in 
the case of the experiments a t  25' and 39', where the secondary 
decomposition, as judged by the a.mounf of precipitate with calcium 
nitrate, was much smaller. Fo r  these temperatures, the end-points 
94 and 92% were taken, but the value of the velocity constant is 
thereby very little affected. 

Calculation of the Yelocity Constant. 

The decinormal solution of ammonium cyanate was heated to the 
temperature of observation as Boon as possible after its preparation. 
As will be seen later, its rate of transformation rises very rapidly 
with the temperature, so that  in order to get a zero-time from which 
the intervals could be calculated, the heating had to be quickly per- 
formed. The solution, usually about 70 c.c., was placed in a 4-02. 
flask and heated wibh the naked flame to the temperature of the 
thermostat in which i t  was to be placed. This process occupied little 
more than a minute a t  most, so that the error in calculating the time 
is comparatively small, even at the higher temperatures, and the 
influence of initial disturbances slight. At suitable intervals, 5 C.C. 

of the solution were removed from the well-corked flask, added to 
5 C.C. of decinormal silver solution, cooled, filtered, and titrated. 

In  the table, t 
indicaies the interval in minutes from the time at  which the solution 

The following numbers were obtained at 30.1'. 
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752 WALKER AND HAMBLY : TRANSFORMATION 

acquired the temperature OP observation, x is the titre, and A the end- 
point, expressed in C.C. of the 1/50 N thiocyanate solution. 

Decinormal Cyaiaate at 50.1'. A = 22.9. 

t. 
45 
72 

107 
15 7 
230 
312 
600 

5. 

4.4 
6.5 
8 *3 

10.1 
12.3 
14.2 
17.2 

1 A - log ~ 

A - X .  t A - X '  
18.5 0.00206 
16.4 0*00201 
14% 0.001 83 
12.8 0.00161 
10.6 0-00145 
8.7 0.00134 
5.7 0-00101 

1 3 .  
t A - 2  
. ---. - 

O.OU528 
0.00549 
0.00529 
0-00502 
0*00505 
0.00524 
0*00502 

Before Guldberg and Waage had formulated and applied in all 
directions the law of mass action, it had been shown by Wilhelmy 
and by Harcourt and Esson that when one molecule was transformed 
into another or others, the rate a t  which this transformation occurred 
was expressed by a logarithmic formula, which is deduced from t h e  
general law as follows. Let A be the original active mass of the 
substance undergoing transformation, and let o have heen trans- 

formed at  the time t, then the rate of transformation, J;, atd that time 
will be 

dx 

dx dt  = C(A - T ) ,  

that is, proportional to the active mass, A - o, of the substance then 
untrmsformed. The constant, C, is the velocity constant of the 
reaction. Bearing in mind that when t = 0, x = 0, we obtain, on 
integration, 

or, i f  we use the decadic instead of the natural logarithms, 

A = 0.4343 C. 1 
- t log A T ,  

Now both magnitudes on the right hand side of the equation are 
constant, therefore if the action is a simple transformation of 1 mol. 

of ammonium cyanate into 1 mol. of urea, the expression - log ~ 

should be constant. A glance at  the table shows that this expression, 
instead of being constant, sinks steadily to half its original value. It 
is true that instead of the real active mass of the cyanate at the 
beginning of the action, namelr, 25 C.C. in our arbitrary units, we 

1 A 
t A - X  
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OF AMMONIUM CYANATE INTO UREA. 753 

have employed the number 22.9, the practical end-point#. But it is 
capable of a simple mathematical proof that in a unimolecular 
reversible reaction this mode of procedure is permissible, the 
logarithmic expression given above being constant as well as the 
more complicated expression which involves the real active mass and 
takes account of the opposed reaction, that is, the simultaneous 
transformation of urea into ammonium cyanate. 

We are thus forced to conclude that the production of urea from 
ammonium cyanate does not proceed in so simple a way as we might 
be disposed to imagine. 

Let us  now proceed on the assumption that the interaction of two 
molecules is necessary for the production of urea. I f ,  as before, we 
represent the active mass of each kind of molecule (supposed to be 
present in equivalent quantities) by A ,  and the qnantity transformed 
at  the time t by x,  we hare, for the rate of transformation, 

@ = C ( A  - x)(A - x), at 
this rate being proportional to the active mass of each kind of 

molecule. The expression obtained on integration is = ACt, 
A - x  

= AC, a constant quantity. 1 x  
O r ; * F x  

Neglecting, as in the previous case, the slow reverse action by 
taking the value of the practical end-point as the original active 

. 1  x 
mass, we find that the expression t . A- is now indeed constant. 

Reference to  the table will show that the constancy is not, absolute, 
but, from beginning to end, the constant fluctuates about the mean 
value, exhibiting no steady increase or decrease like the logarithmic 
expression. The maximum variation from the' mean is only 6 per 
cent., and this will be deemed satisfactory when we consider that 
one-tenth of a degree difference in temperature causes a variation of 
1-5 per cent. Here, then, is distinct evidence that for the produc- 
tion of urea the interaction of two molecules is necessary, and that 
these must always be present in tohe ammonium cyanate solution in 
equivalent proportions. The first assumption to make is that the 
two molecules are two molecules of ammonium cyanate, but it will be 
proved in the sequel that this assumption is erroneous. In the 
meantime, we proceed to give the results of experiments performed 
at  different temperatures in order to ascertain he temperature- 

- x  

1 %  
t x--2 coefficient of the expression - 
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75-1 WALKER AND HAMBLY : TRANSFORMATION 

Temperature Ezperinzents. 

The thermostat employed was a, water-bath with windmill and 
stirrer as described by Ostwald, Physico-chemical 2Cfeaszcremeuts, 
p. 64, and a vapour-pressure thermo-regulator (Benoit's modification 
of Andreae's, Eoc. cit., p. 59). The liquids used for filling the various 
regulators were ether, acetone, methylic alcohol, and ethylic alcohol. 

The results obtained are exhibited in the following tables, the 
symbols being as before. 

Decinormal Cyanafe at 25.0'. A = 23.5. 
1 x  .-. - 

t. 0. A - X. t A-x 
1325 5.6 17-9 0.000236 
1970 7.0 16.5 0.000214 
2725 9.0 14.5 0.0002t28 
5640 13.3 10.2 0~0002.31 

Mean = 0.000227 

Decinormal Cyanate at 39.0". A = 23.2. 
1 x  - . - .  

t. X. a - 2. t A - x  
228 6-1 17.1 0.00156 
3 73 as2 15.0 0.00147 
591 9.9 13.3 0.00126 

1266 14.6 8.6 0.00134 
1577 16.1 7.1 0.00 L 43 

Mean = 0.00141 

Decinormal Cyanate at 59.7'. A = 22.9. 
1 .r _._-. 

t. X. A - X. t A - x  
15 4.3 38.6 0-0154 
30 6.7 16.2 0.0138 
50 9.5 13.4 0.0142 
€30 12-1 10.8 0.0140 

140 15.4 7.5 0.0147 

lfean = 0.0144 
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OF AJli\IOIJIU,\I CTANATE INTO UREA. 755 

Decinormal Cyanate at 64.5". A = 22.9. 
1 z  . -- . - 

t. .T . A - X.  t A - x  
20 7.0 15.9 0.0220 
37 10 3 12% 0.0221 
50 12.1 10.8 0.0224 
65 13.8 9.1 0.0233 
95 16.0 6.9 0-9244 

1.50 17.7 5.2 0.0227 

Mean = 0.0228 

Decinormal Cyanate at 69.2'. A = 22.9. 
l x  - .  -. 

t. X .  A - X .  t A - x  
10 6-7 16.2 0.041 
15 8.7 1 4 2  0.041 
20 9.9 33.0 0.038 
30 12.2 10.7 0.038 
45 15.0 7.9 0.042 

Mean = 0.040 
-- 

Decinormal Cyanate at 74.7". A = 229. 
l x  

t .  X .  d - x. t Z Z '  
15.5 11.3 11.6 0.063 
37.0 15.7 7.2 0.039 
60.0 17.9 5.0 0.060 

124.0 20.4 2.5 0-066 

Mean = 0.062 
--- 

Decinomial Cyanate at 754". ,4 = 22.9. 

l a  .-. - 
t .  X .  A - X .  t A - x  
l d  9.7 13.2 0.061 
27 14-7 8-2 0.066 
45 17.0 5.9 0.064 
65 18.3 4.6 0.061 

Xean = 0.063 
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756 WALKER AKD HAMBLY : TRANSFORMATIOX 

Decinornzul Clyuimte at 80.0". A = 92.9. 
1 2  .-. 

t. X. A - 2, t A - x  
14 13.3 9.6 0.099 
26 16.3 6.6 0.095 
44 18.5 4.4 0.096 
64 20.1 2.8 0.112 

Mean = 0.100 

Decinoi*mnl Cyanate at 80.1'. A = 22.9. 
l x  - .  -c 

t .  2. A - X .  t A - x  
7 9.0 13.9 0.093 

17 14.6 8.3 0.103 
37 17.9 5.0 0.097 
57 19.5 3.4 0.101 
97 20.9 2-0 0.108 

Mean = 0.100 
l a :  

These numbers will suffice to show that the expression 7 a 

remains substantially constant a t  each of the temperatures studied. 
The determinat*ions at  the higher temperatures are difficult on account 
of the rapidityof the transformation. I n  the case of the two highest, 
duplicate experiments are given, which show that although the 
individual values vary considerably, the mean is sensibly the same. 

The temperat'ure, as is usual in such cases, has an enormous 
influence on the rate of the action. Whilst a t  80" half of the 
ammonium cyanate has been transformed in 10 or 12 minutes, a t  25O 
three days are required to produce the same effect. 

Van't Hoff (Etudes, p. 114) and Arrhenius (Zeit. physikal. Ohem., 
4, 227) have shown that the formula 

C1 = Co eA(Ti-TohToTi 

is capable o€ representing the influence of temperature on a velocity 
constant with great accuracy, and have endeavoured to assign its 
theoretical significznce. In  the expression, Co is the velocity constant 
at the temperature to, Cl the constant at t l ;  e is t he  base of t he  
natural logarithms, To and Ti are the temperatures te and t, when 
measured in the absoiute scale ; A, finally, is a numerical constant. 
Using this formula, and t,aking the lowest temperature as te, we obtain 
the following table. 
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OF A ~ f l l O N I U M  CPANATE INTO UREA. 75? 

to = 25', C,, = 0*000227, A = 11700. 
t. 

25.0 
39.0 
50-1 
59.7 
64.5 
69.2 
74.7 
80.0 

C (obs.). 
0<000227 
0.0 0 14 1 
0.00520 
0.0144 
0.0228 
0.040 
0.062 
0.100 

c (calc.). 
(0*000227) 
0.00133 
0.0046\0 
0,0137 
0.0227 
0.0365 
0.0623 
0.1 05 

I n  view of the fact that in the range examined, the constant in- 
creases more than four hundred fold, the accordance between the 
calculated and observed numbers may be looked upon as satisfactory. 

InfEuence of Dilution. 
I n  unimolecular reactions, the concentration of the substance 

which is being transformed has no effect on the course of the action. 
If at a certain temperature and a certain concentration half of the 
substance has undergone transformation in a certain time, the same 
time will be occupied in producing the half- transformation whether 
we dilute the original solution, or whether we concentrate it. The 
velocity constant is here independent of the degree of dilution. This 
is easily comprehensible from the mechanical point of view, for each 
molecule is transformed independently of all the rest, so that, it is a 
matter of indifference whether the individual molecules of the sub- 
stance are closely packed together, or not. The case is different in a 
bimolecular reaction. Here two molecules must meet before transfor- 
ma.tion can take place, and their chances of meeting are reduced as we 
dilute the solution, SO that the proportion transformed in a given 
time will be less the more dilute the solution becomes. The effect on 

1 x  
t A--x' 

the expression - . -- - will be seen on reference to the inte- 

If we reduce the value of A to  one-half by halving the concentration, 
the right-hand side of the equation is halved, for C is a constant in- 
dependent of the dilution, being in fact the rate a t  which the action 
progresses when the reacting substances are present (and main- 
tained) a t  unit concentration. The left-hand side of the equation 
must also therefore be halved, SO that by taking twentieth-normal 

ammonium cyanate, the expression - -- -- - should be reduced to one- z x  
t A--z 
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758 WALKER AND HABIBLY : TRANSFORMATION 

half its value for a decinormal solution. It will be observed that in 
calculating this expression, any unit may be used for  A and x, since 
we are only concerned with the ratio x/(,4 - n.). 

0.05-normaZ Cyanate at 49.8". A = 22.9. 
1 x . --. - 

t .  5. *4 - x. t A - x  
220 6-0 16.9 0.00282 
180 7.8 15.1 0.00287 
240 9.3 13.4 0.00295 
400 12.4 10.5 0.00295 
533 13.9 9.0 0.00288 

~ 

JIean = 0.00289 

The value of the constant a t  50.1' for the decinormal solution is 
0.00520. I f  we double 0.00289, we obtain 0*00578, whichis greater 
than the theoretical value, and is further augmented by applying 
the correction for  the difference in temperature. 

0-2-normal Cyanate at 60.1'. A = 22.5. 
l d  - . --. 

t .  X. -1 - x. t - 4 - x  
10.0 4.65 17.85 0.0260 
25.0 8.6 13.9 0.0247 
40.3 11-3 11.2 0.0252 
60.0 13.8 8.7 0.0264 

12 7.0 17.2 5.3 0.0256 

Mean = 0.0255 

The end-point 22.5 was determined by a special experiment. 

O005-nor?na2 Cyanate at 60.1'. A = 229. 
1 x 

0 - .  - 
t .  5. -4 - d.  t A - x  
28 4-4 18.5 0.0085 
50 6.8 16.1 0-0085 
76 9.0 13.9 0*0085 

120 10.8 12.1 0.0074 
200 14.2 8.7 0.0082 

Xean = 0.0082 
We have thus the series 

045 0.1 0.2-normal. 
Const. 0.0082 '0.0 144 0.0255 
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OF ARIMONIUM CBANATE INTO UREA. 739 

Here the fifth-normal solution which should have a constant four 
times as great as the twentieth-normal solution has in fact, a con- 
stant only little more than three times as great. The transformation, 
then, although it preserves the characteristic constant of a bi- 
molecular reaction at  various dilutions, is influenced in some 
secondary way by the dilution, the tendency being to give too great 
a constant as the dilution is increased. An explination of this 
secondary action will be given in the next section. 

Injhence qf Neutral Salts. 
We have now to consider the 'reason why the transformation of 

ammonium cyanate into urea is a bimolecular reaction, and not a uni- 
molecular reaction as might cipriori be expected. The two reacting 
substances must be present in the ammonium cyanate solution in 

equivalent proportions, otherwise the expressior? - . ___ would not 

remain constant. The assumptions which might account for this 
are, lst, that two molecules of ammonium cyanate meet to form 
urea; 2nd, that the ammonium cyanate is dissociated by the water 
wholly or largely into ammonia and cyanic acid, and 3rd, that the 
ammonium cyanate is electrolytically dissociated into ammonium 
ions and cyanic ions. A means of acertaining which of these assnmp- 
tions is correct is to be found in the influence exercised by various 
substances on the constant. A perfectly indifferent salt has in 
general litkle influence ; i t  may slightly alter the numerical value of 
the constant but no more. The following experiment was made with 
potassium shlphate added in equivalent proportion to the solution of 
ammonium cganat e. 

1 x  
t A-x' 

Decinormal Ammonium Cya.qzal e in Presence of Decinormal Potassium 
Sulphate at 74.7'. A = 22.0 by experiment. 

1 0  

9 7.4 14.6 0-056 
23 12.7 9.3 0.059 
47 16.0 6-0 0.057 
70 17.3 4.7 0-053 

103 18.7 3.3 0.055 

- .  -. 
t .  X. A - X. t A - x  

Mean = 0.056 

The effect of the potassium sulphate is to reduce the constant from 
0.062 to 0.056. This might well be in accordance with any of the 
above assumptions, the influence being comparatively slight. On 
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7 60 WALKER AND HAMBLY : TRANSFORMATION 

the third assumption, a slight diminution of the constant might be 
predicted, for t.he number of active molecules, that is NH, and CNO, 
is diminished by the addition of another salt. I f ,  inshead of potas- 
sium sulphate, we add an equivalent of ammonium sulphate the effect 
is wholly different. The action is greatly accelerated and the 

is no longer constant, increasing rapidly, expression - . -- 
especially towards the end of the reaction. 

1 z  
t A - x  

Decinormal Anzmoniurn Cynnate in  Presence of Decinormal Ammonium 
Xulphate at 74.7". Ag= 24.7 by experiment. 

l a :  
t .  5. -4 - x. t -4-x' 
8 10.8 13.9 0.097 

20 17.5 7- 2 0.122 
40 21.9 2.8 0.195 

.- - 

Here in 10 minutes the transformation has proceeded half way. 
Ta presence of potassium sulphate iiearly 20 minutes elapse before 
the solution has reached the same condition. It will be seen too 
that the end-point practically corresponds to complete transforma- 
tion into urea. This is a natural result of the great acceleration 
of the forward action towards the end, the reverse transformation 

1 remaining conatant. The lowest value of - -5 is 50 per cent. 
t ' A - x  

greater than the value 0.062 f o r  ammonium cyanate alone, and the 
highest one 200 per cent. The acceleration is, therefore, of quite a 
different order from the influence exerted by potassium sulpbate. 

The only reasonable explanation of this acceleration is that the 
quantity of one o r  more of the active substances present has been 
largely increased by the addition of ammonium sulphate. On the 
first assumption that the active substances are ammonium cyanate 
molecules, this increase is impossible, so this assumption may be 
dropped. Unless we assume that ammonium sulphate is to  a great 
extent dissociated in to ammonia and sulphuric acid when dissolved 
in water, an assumption which few will grant, the second supposi- 
tion must also be set aside: independent evidence of its inade- 
quacy will be given later. There remains then the third assumption 
that the reacting molecules are ammonium ions, NH,, and cyanic 
ions, CNO, produced by the electrolytic dissociation of the ammonium 
cyanate. On the dissociation hypothesis, ammonium sulphate is also 
decomposed electrolytically when dissolved in water, the ions being 
NH4 and SO,. On adding ammonium aulphate to the solution, then, 
we increase the active mass of one of the reacting substances, 
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O F  AMMONIL" CTANATE INTO UREA. 761 

namely the ammonium ion, and consequent,ly the action proceeds 
faster, especially towards the end, for then the added ammonium ions 
bear a greater proportion to the total than they do a t  the beginning. 
The experimental result is thus in harmony with the theory of 
electrolytic dissociation. 

An increase in the quantity of the other reacting substance, the 
cyanic ion, ought also to have an accelerating effecb on the action. 
According to the dissociation theory, potassium cyanate like other 
potassium salts of monobasic acids, is almost completely dissociated 
into its ions K and CNO in dilute aqueous solution, so the addition 
of potassium cyanate should hasten the action considerably. This 
we find to  be the case. 

Decinormal Ammonium Cyanate in Presence of Decinormal Potassium 
Cyanctte at 74.7". 

t .  
10 
20 
35 
50 
70 

X .  

13.8 
16.8 
20.2 
21.2 
21% 

The accelerating effect is of the same order as in the case of the 
addition of ammonium sulphatc. Unfortunately a direct comparison 
and calcnlation of the " constant," is impossible, owing to the corn- 
paratively great decomposition of cyanate into carbonate which takes 
place simultaneously with the transformation into urea. After the 
solution bad been heated for a.n hour, it gave a dense precipitate with 
calcium nitrate. 

As the action a t  75" proceeded too rapidly in presence of accelerat- 
ing agents for accurate calculations, some experiments were per- 
formed at  50' in order to obtain more trustworthy data. 

When the reacting :substances are not present in the solution in 

equivalent proportion, the expression - ~ no longer remains 

constant and another must be substituted for it. Let the original 
concentration of the'one substance be A,  and of the other B, then the 
rate at any time is expressed by the equation 

1 z  
t A - x  

dx - c ( A  - x)(B -. x), d t  - 
which, on integration, becomes 

log ( A  - = 0.4343 ( A  - B)C. t ( B  - z ) A  
All the magnitudes on the right hand side of the equation are 
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762 WALKER AND HAMBL'I' : TRANSFORRIATION 

constant, so that the left hand side must also be constant. On adding 
ammonium sulphate in equivalent proportion to a solution of 
ammonium cyanate, we do not double the number of ammonium ions 
in the solution, for  the sulphate, according to the electrical conduc- 
tivity, is less dissociated than the cyanatq, and each diminishes the 
dissociation of the other from the value it would have were it 
dissolved separately in the same volume of water as is used to dissolve 
both, Using the conductivity numbers of Kohlrausch and others, we 
find that the ammonium ions in the mixed solution should be to those 
in the pure cyanate solution i n  the ratio of 5 : 3 approximately, the 
number of cyanic ions being very slightly diminished. Taking A for 
the cyanic ions equal to its former value, we have approximately B for 
the ammonium ions equal to 1.61 A .  Substituting this value for B 
in the above equation and re-arranging, we obtain 

C having the same numerical value as it had when the ammonium 
cyanat,e was alone in the solution. 

Deciizormal Amrrionium Cyanate i n  presence of DecirLoTmal Aminoizizcm 
Szdpliate at 49.8". 

t .  I. A - X. A - 0.62 X. t A - X  

33 5.4 19.3 21.3 0.00129 
62 8.0 16.7 19.8 0.001 19 
99 10.6 14.1 18.1 0~00110 

162 14.2 10.5 16.0 0.0011 7 
226 16.6 8.1 14.4 0*00110 

1 A - 0.62 x - log --- . 

Mean = 0.00117 

The value of A = 24.7 was obtained by direct experiment. It will 
be seen that the constant is fairly good, and from it  we can calculate 
C by means of the equation 

0*00117 = 0.61 x 0*4343C. 
This gives us C = 0.00443, and when we allow €or 0.3" difference in 
temperature a t  15 per cent. per degree, we obtain 0.00463, which is a 
fair approximation to the value of C = 0.0052 in the pure cyanate 
solution at  50.1'. 

An experiment was made with a, solution decinormal with respect 
to  ammonium cyanate, and 1/20 N. with respect to the ammonium 
sulphate. Here the amount of ammonium ions is not increased by 
one-half, but only by a quarter, as a consideration of the condnc- 
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OF ARIRlONlUM CYANATE INTO UREA. 763 

tivities will show, the chief diminution being due to the eflect of the 
cyanato on t,he less dissociated sulphate. We have therefore B = 
1.25 A ,  and the formula becomes 

1 d - U * S Z  
- log --- = 0.25 x 0*4:3$3 C. 
t A--UL' 

For -4 we have the value 24.4 determined by an end-point experi- 
ment. 

Decinonnal Amnmouiurn Cyanate i~ preseirce of O*O5-noi*,mal Arnnaowiurn 
Xulphchte at 49.9'. 

t. 5. -4 - x .  A - 0.8 X. t 9 - x 
4:3 5-2 19.2 20.2 c3.00051 
71 7.8 16-6 18.2 O*C0056 

113 1.9 14.5 16.5 0*00050 
170 12.4 12.0 14.5 0.00048 
%35 14.6 9.8 12.7 0.00048 
:395 18-4 6.0 9.7 0.00053 

1 A - 0.8 x - log ----. 

Mean = 0.00051 
From the mean 8.00051 we obtain C by the equation 

003051 = 0.4343 x 0.25 C. 
This gives us C = 0.0047, from which, if we add 3 per cent. as 
the temperature correction, we get the value C = 0.00484 for the 
constant at  50.1°, in close approximation to  the observed value, 
0.0052. 

Considering the slight uncertainty that attaches to the calculation 
of the exact degree of dissociation from the conductivities as 
tabulated in Ostwald'a Le?ry-buch, vol. 11, pt. 1, the constancy of these 
numbers and the values they give for C must be held as strong 
evidence in favour of the application of the dissociation theory to the 
matter in hand. 

In the last section, it was found that the influence of dilution on 
the speed of the action was disturbed by some secondary action, 
which, at  low concentrations, tended to give a greater constant than 
theory predicted. I f  we take the degree of dissociation at  the 
various dilutions in to account, however, the discrepancy disappears. 
At low concentrations, the degree of dissociation, as Yndicated by the 
conductivities, is greater than at higher concentrations, so that in 
the more dilute solutions there are relatively more of the active ions 
than in the more concentrated solutions. At the dilutioll + N., the 

value of - ~ was found to be 0.0255 ; at the dilution -lG N., i t  
1 x  
t ' A - x  

VOL. LXVIl. 3 F  
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'i 64 WALKER AND HAJIBLY : TRAXSFOR~IATION 

was 0.0082. If there were four times as many ions at  the dilution 
+ N. as a t  T15 N., the value for the former should be 0.0328 instead of 
0.0255 ; but the conductivities show that there are only 3.3 times as 
many ions, so we obtain 0.0082 x 3.3 = 0.0270, not  fa r  removed 
from the observed value, 0.0255. 

To apply a final test to the validity of the theory of electrolytic 
dissociation in this connection, an experiment was made with 
ammonium cyanate in presence of ammonia. I f  the dissociation 
caused by the water is a dissociation into ammonia and cyanic acid, and 
into ammonia and sulphuric acid, we should have ammonia solution 
producing at  least the same effect as an equivalent solution of 
ammonium sulphate. On the other hand, if  we consider the conduc- 
tivities of ammonia, solutions, the dissociation theory predicts t h a t  
ammonia should behave towards ammonium cyanate as an indifferent 
substance like potassium sulphate. The conductivities obtained by 
Bredig (Zeit. physiknl. Chem., 1894,13,294) show that in decinormal 
solution, ammonia is dissociated only to the extent of 1.5 per cent. 
into its ions. This amount of dissociation is diminished to the vanish- 
ing point in presence of the highly dissociated ammonium cyanate, 
so that as the ammonia contributes no ammonium ions to the solu- 
tion, it will behave as an indigerent substance. The following are 
the results obtained. 

Decinwmal Ammonium Cyanate in Presence of Decinorwal Ammonia 
at 49.4'. A = 22.9. 

1 x  
t A - x  
-.  -. t .  5. A - x. 

71 5.6 17.3 0.00456 
110 7.4 15.5 0.00434 
155 9- 2 13.7 0.00433 
315 11.2 11.7 0.00445 

Mean = 0.00442 
-- 

I n  performing this experiment, the silver nitrate into which the 
measured quantity of solution was poured, was mixed with a quantity 
of nitric acid exactly sufficient to neutralise the free ammonia, in 
order that the solubility of the silver cyanate might not be increased. 

The expression 7 . A- remains constant, as i f  no active substance 

had been added, and its value, 0.0049, when corrected for tempera- 
ture, is very near the value 0.0052, obtained with ammonium cyanate 
alone at 50.1'. Ammonia then behaves towards ammonium cyanate 
in precisely the same way as potassium sulphate does, in harmony 
with the requirements of the dissociation theory. 

1 %  
- x  
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We find, then, that the consistent application of the theory of 
electrolytic dissociation accounts for  the bimolecular nature of the 
transformation of ammonium cyanate into urea, the quantitative 
influence on i t  of dilution, and of the presence of potassium sulphate, 
potassium cyanate, ammonium sulphate, and ammonia. On no other 
theory, as it appears to us, can even a qualitative explanation of our 
results be given. 

Interaction of Urea and Silver Nitrate. 

As we have already stated, the silver cyanate used in these experi- 
ments was prepared by heating semi-normal silver nitrate solution at  
100" with five equivalents of urea. The yield of silver cyanate was 
in no case greater than 88 per cent. of that theoretically possible, 
continued heating causing no further precipitation beyond this 
quantity. The silver cyanate is, of course, produced by the inter- 
a,ction of the silver nitrate and the ammonium cyanate formed from 
the urea. As the ammonium cyanate is renioved from the solution 
a s  fast as it is formed, i t  might, a t  first sight, be expected that, since 
a great excess of urea is present, the action would go on until prac- 
tically all the silver is precipitated, unless the silver cyanate were 
comparatively soluble in water a t  100". The solubility, however, is 
not great, 100 C.C. of a saturated aqueous solution of silver cyanate atl 
100" containing only 0.12 gram of the salt, that is, the solntion is 
0.008 normal. I n  the actual solution this solubility is much 
diminished by the presence of undecomposed silver nitrate, yet i t  is 
the minute quantity of silver cyanate dissolved which determines 
the stoppage of the action at  a point so much short of the possible 
yield. 

The point of equilibrium may be easily calculated on the dissocia- 
tion theory as follows. We found that a t  loo", 5 per cent. of a 
decinormal solution of urea was transformed into ammonium cyanate. 
Assuming, for simplicity's sake, that the ammonium cyanate is 
entirely dissociated, which is very nearly the case, we have the 
following equation to express the equilibrium between the urea and 
the cyanate. 

0.005 x 0.005 = K x 0.095. 

The magnitudes on the left-hand side are the active masses of the 
ammonium and cyanic ions in terms of a normal solution; on the 
right-hand side K is the ratio of the velocity constants (which 
remaim unaltered so long as the temperature is the same) and 0.095 
is the active mass of the urea. 

K = 0-000263, 

From this equation we obtain 

3 ~ 2  
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766 WALKER AND HAMBLI' : TRANSFORMATION 

which determines the equilibrium between thc  urea and the  
ammonium and cyanic ions. 

Now, when silver nitrate is added, the cyanic ions can only come 
from the unprecipitated silver cyanate, so that their number is deter- 
mined by the solubi1ity':of the silver cyanate. According to the 
theory developed by Neriist, and experimentally verified by him and 
by Noyes, the solution equilibrium is of such a kind tha t  the con- 
centration of the undissociated silver cyanate in  solution remains 
constant. But for the equilibrium bet ween dissociated and undisso- 
ciated silver cyanate we have the equation 

Act. mass Ag x act. mass CNO = I<' x act. mass AgCNO. 
As K is a constant, and the active mass, that is, the concentration, 

of the undissociated silver cyanate reniains constant, the right-hand 
side of the equation is constrant, and is very nearly equal to 0.000064 ; 
for  the concentration of the saturated solution of silver cyanate at 
100" is 0.008, and this may be taken as the active mass of each ion, 
the cyanate being dmost  entirely dissociated, so tba t  the left-hand 
side is 0*008 x 0.008 = 0.000064. W e  are now in possession of the 
two constarits which enable us to calculate the equilibrium. The 
solubility of the silver cyanate determines the number of cyanic ions, 
which again determines the number of ammonium ions required to 
produce equilibrium with the urea. B u t  the number of ammonium 
ions corresponds to the number of silver ions which hare  disappeared, 
and this number influences the solubility of the silver cyanate. The 
problem is, therefore, to find the  concentratioii of cyanic ions which 
will be in equilibrium on the one hand with the undissociated 
(and solid) silver cyanate, and on the other with the urea. Let the 
concentration of the ammonium nitrate in solution a t  the equilibrinm 
be z-normal, then the concentration of the silver nitrate will be 
0.5 - x, and of the urea 2.5 - 2. The conoentration of the cyanic 
ions is determined by  the last equation to  be 0.000064 divided by 
the concentration of the silver ions. This concentration may be 
takeu as equal t o  0.5 - LT, as the silver nitrate is nearly all disso- 
ciated, and the quantity corning from the silver cyanate in solution 
is very small. W e  are justified i n  rnnking these assumptions, which 
simplify the treatment greatly, by the results of Noyes (Zed. physikal. 
Clienz., 1890, 6, 246), who investigated the  parallel case of the 
solubility of silver bromate in presence of silver nitrate. The 
detailed treatment of the qusstion is given by him at the place cited. 
The concentration of the cyauic ions is therefore 0*000064/(0.5 - x). 
FOP the equiIibrium between ammonium cyanate and urea we hare, 
then, 

Ammonium x cyanic ion = R x urea 
~(0*000064/(0*5 - T ) ]  = 0.000263 (2.5 - x). 
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Solving this equation, we find x = 0.45 to  be the concentration of 
the ammonium nitrate in solution at  the equilibrium point. This is 
equivalent t o  the quantity of silver cyanate formed, so that we have 
0*45/0*5 = 90 per cent. of the silver nitrate transformed, the 3-ield 
actually obtained being 88 per cent. 

As it might be thought that the agreement between the calculated 
and the observed numbers is here due to a chance coincidence from 
balancing of errors, another experiment was made in which the urea 
was taken in quantity equivalent to the silver nitrate. It had there- 
fore the concentrakion 0.5. For this we have the equation of 
equilibrium 

the only difference being the substitution of 0.5 for 2.5 in the second 
member of the last equation. That is, when 
the silver nitrate and urea are both semi-normal in the solution, 50 
per cent. of the silver nitrate should be transformed into silver cyanate. 
The actual experiment was conducted as follows. Silver nitrate (17 
grams) and urea (6 grams) were dissolved separately in hot water, 
filtered, mixed, heated, and stirred to collect a slight brown precipi- 
tate, which was filtered off. The clear solution was made up to 
200 C.C. and heated at  100' for four hours with a reflux condenser. 
After cooling, the silver cyanate was collected, drained, washed, dried, 
and weighed. The weight obtained was 7.27 grams or 48-33 per cent. 
of the possible quantity, the predicted yield being 7.5 grams or 50 
per cent. The agreement is excellent when the loss in weight by 
washing is considered. The amount transformed, as estimated by 
titration of an aliquot portion of the filtrate, was 50.3 per cent. No 
further precipitate was obtained by continued heating of the solution. 

We thus see that the theory of electrolytic dissociation not only 
enables us to understand the simple equilibrium between urea and 
ammonium cyanate, but also to account for and predict the phenomena 
when this equilibrium is complicated by the presence of a salt which 
reacts with one of these substances. 

~(0*000064/(0.5 - z)> = 0*000263 (0.5 - a), 

Here we find x = 0.25. 

Heat of Transf ormatzbn. 
We have seen that the influence of temperature on the equilibrium 

point between urea and ammonium cyanate is very slight, and this 
corresponds to a small heat of transformation. The formula for 
calculating the thermal effect cannot be applied in strictness, as the 
data for the end-points a t  different temperatures are not sufficiently 
definite, so that we cannot even say with certainty whether the 
transformation in dilute solution is accompanied by evolution or 
absorption of heat; most probably there is a slight heat evolution 
on the conversion of the cyanate into urea. 
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