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THE COURSE OF CHEMICAL CHANGE.
FIRST PART.

THE NORMAIL CHEMICAI: REACTION.

I. THE MONOMOLECULAR REACTION.
Decomposition of Arsenic Hydride.

The most simple chemical change is that which can be
accomplished within a single molecule, a change for the accomp-
lishment of which the mutual action of several molecules is not
requisite.

Whether itibe a question of isomeric change, or of decompos-
ition, the process is subject to the same law.

On these grounds we will call the chemical reaction of this
kind the monomolecular reaction.

Experiment will show us that in this case there is proportio-
nality between the quantity of substance still decomposable, and
the quantity which undergoes decomposition in each instant,
which may be represented by the following equation,

dC
o —at'— —kC,

where C is the concentration, (quantity in unit volume),

t, the time, and k a constant', which we will call the velocity
constant.

1 Tt is of course assumed here that the reaction takes place at constant tempera-

ture, and consequently the heat evolved or absorbed by it may be neglected.
1



2 THE MONOMOLECULAR REACTION.

The decomposition which was studied in order to test this
equation is the following; —

As H;, = As + 3 H.

If we assume that the arsenic hydride decomposes in accord-
ance with the simple equation just given', it will be easy,
by determining the pressure of the decomposing gas (at constant
volume), to caleulate the undecomposed part of it in unit volume,

Let C, and P, be the concentration of the arsenic hydride,

and the total pressure at the beginning,
and C; and P; the values after a partial decomposition.

Then *

i 1 G, — Gy
Pt’—P0+ 2 PO CO !

or

The apparatus for making the determinations of the pressure
will be fully described later. (p. 41).
The results obtained are given in the following table.

TMemhmemwmﬂnmmk_lhu 2

t B EE N4 TN CISREES
0 784.84 =

3 878.50 0.09076

4 904.05 0.09051

) 928.02 0.09079

6 949,28 0.09051

7 969.08_ 0.09056

8 987.19 0.09060

To control the accuracy of the differential equation

-—-E—:ko,

it must be integrated.

1 That this is veally the case will be shown later.
2 See appendix, note 1.



THE MONOMOLECULAR REACTION. 3

We find
— log C = kt + constant.

Eliminating the integration constant by means of equation
(1), we get: —
C

1 ozl
k_zloga_tlog

fer - i
3P, — 2P,

These values of k have been -calculated, and are set down
in the third column of the table; {their constancy shows that
the requirements of the differential equation are satisfied.

A further example of a monomolecular reaction is the decom-
position of phosphine, which will be considered later.

From the preceding we may draw the following general con-
clusion, which however contains nothing unexpected in the case
of a monomolecular reaction.

The quantity decomposed in wunit time is independent of the
volume of the decomposing substance.

This proposition may also be proved in the following way:

Suppose that two equal quantities Q occupy at the beginning
of two experiments two different volumes V; and V,, it is easy
to see that the corresponding quantities X; and X,, which remain
undecomposed at the end of the same interval of time t, will
be the same in both cases.

Applying the equation

A
kt = log c,
we obtain
Q Q
LR s Ly Y g
kt = log 7 = log P log —g = log X
Vi Vy
from which e == 9—, Ok v=sXeq

X, X,



II. THE BIMOLECULAR REACTION.
Hydrolysis of Esters.

We will call a change in which the interaction of several
molecules is required, polymolecular.

The most simple case of this sort is the reaction between two
molecules, or the dimolecular reaction.

If we call the concentrations of the two reacting substances
C; and C,, the decrease of concentration which the substances
undergo in each instant, will be proportional to the concentrations
of both of them, that is

dC,

'——-—&Z—":kl(}102 and —

dd_f'z =k, C; G,
where t is the time, and k;, and k, are constants.

As the unit of concentration of a body we will choose the
molecular weight of it, in kilograms in a cubic metre. If we
are considering, for example, the hydrolysis of ethyl acetate by

‘yaustic soda, the concentration is unity when 40 kgrms of caustic
soda and 88 kgrms of the ester are present in a cubic metre.

As will be seen in what follows, the accuracy of the equations
has been confirmed by experiment; the experiments on this point
were carried ont by L. T. Rercuer.*

The hydrolysis of ethyl acetate by caustic soda, represented
by the equation

NaOH + C;‘IhOOCsz = CH;COONa + C.H;OH,

was studied.

Warper * had already found that this reaction takes place
at the ordinary temperature with a velocity which allows of its
course being followed.

It is thus a question in this case of verifying the equation

40
at

= k Cl Cg.

I LieB. Ann, 228, 257, 1885.
2 Berichte. 14, 1361, 1881.



HYDROLYSIS OF ESTERS. 5%

where C; is the concentration of the caustic soda, C, that of
the ester, t the time, and k some constant.

Consider now an aqueous solution of base and ester, which
are acting on each other at a given temperature; then at any
moment during the reaction the concentration of the base, Cy,
can be determined by titration with an acid; from this the
concentration of the ester, C;, may be calculated if the base be
used in excess and its concentratration, C,, be determined after
the reaction is complete. We have then,

C2 = Cl S35 Cq;
Substituting this value in the original equation, we obtain

wéee

at ==wde 01 (Cl = C,w),
from which by integration
1 £4 N 5 }
o log g F kt + constant.

1If we make two determinations, say C; and C and if the
time intervening between them is t, we find, eliminating the
constant of integration;

S o oy
L B, = 0

or introducing common logarithms in place of the Naperian,

-~ 9,3025

=

Ct (Cl i Cm)
Gt e 6 — Oy

As the apparatus used will be referred to again, it is fully
described here. (Fig. 1).

In order to obtain a constant temperature the essential part
of the apparatus, A, is placed within two glass cylinders F and
G; into the first of these water at a high pressure from the
water supply is conducted by two fine jets from the tubes L



6 THE BIMOLECULAR REACTION.

und L,; by means of the currents produced in this way a
uniform temperature is maintained.

This temperature is determined by means of a thermometer
N which allows /5, of a degree to be read.

The second vessel G, contains ice water, or warm water,

=]
)

3 e (R o P O . O P
4-%;»“‘”.1

2
o

Fig. 1.

according as the temperature of the water supply is too high
or too low.

To prevent evaporation of the ester during the reaction the
liquid is placed in the glass vessel A, which may be closed by
the glass tap C, and which it completely fills; liquid may be
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removed from A for the titrations, by displacing it through C
by means of mercury, which is allowed to run in from the
funnel B.

The manipulation of the experiments requires the cooperation
of two observers, and consists of three operations; filling, mixing,
and drawing off samples.

A quantity of the aqueous solution of the ester is first placed in
the apparatus, such that when the latter is subsequently wholly
fllled by the addition of the alkaline solution, a small excess of
alkali shall be present. It is therefore necessary to know to
begin with, the concentrations of the solutions of ester and soda,
and also the capacity of A.

The apparatus is then filled with the solution of ester, placed
in position as shown in the figure, and the solution of the base,
(protected from the carbon dioxide of the air), introduced gradu-
ally through H in such a way that the solutions of ester and
alkali form separate layers over each other. During the time
which is needed for the filling, the temperature in F is regulated
in the way described, so that when the apparatus is quite full
the temperature of the liquid in it is about 0°.4 below that
desired ; this will be indicated by the thermometer D.

In order to mix the liquids thus introduced, some mercury is
allowed to flow through B into A, the tap C closed, the appa-
ratus removed from the cylinder, and shaken uniformly several
times so that the mercury effects the mixture of the liquids; if
necessary the temperature is then raised to the desired point by
warming with the hand. The apparatus is now placed in its
original position and the real experiment may be begun as soon as
the temperature of the water in the cylinder F has reached the
desired point.

Before drawing of a sample, a volume of mercury correspon-
ding to the part of the apparatus which projects above the
water in F, is poured in through the funnel B, on opening the
tap C this displaces the liquid in that part of the apparatus
which possibly does not possess the correct temperature. When
the mercury has fallen to the mark E, the tap is closed again,
and 100 cc. of mercury poured into B. The one observer then



8 THE BIMOLECULAR REACTION.

brings a measured quantity, R, of sulphuric acid of known
strength under the opening K, and quickly opens the tap C com-
pletely; the time is noted by the second observer on a chrono-
meter indicating seconds, and also the moment at which the
mercury has fallen very nearly to the mark E. By partially
closing C the last small quantity flows out slowly until E is
reached, when the tap is closed completely. This manipulation is
repeated each time a sample is drawn off, and since the
sulphuric acid employed is amply sufficient to neutralise the alkali
present, the hydrolysis taking place in 100 cc. of the liquid is
stopped at a given time, in the space of a few seconds (about 9).

If time allows, the excess of sulphuric acid is at once titrated
with baryta water of known strength using phenol-phthalein
as indicator (or rosolic acid in experiments with ammonia).

Samples are drawn off at intervals of some minutes until only
about 100 cc. of the mixture are left in the apparatus, which
serve for the determination of the final titre after the reaction
may be regarded as complete (viz. after at least 24 hours).
It is obvious that after the last sample has been taken the tem-
perature need no longer be regulated.

The results obtained are contained in the following table:!

; , ] Titre of base in
Lime Sin mimyées the mixture. T. k.
0 61.95 R
4.89 50.59 2.81
11.36 42.40 2788
29.18 29.35 2.98
o 14.92 s

In calculating the values of k it is to be noticed that in the
expression given on page 5,

_2.3025

== Log C: (C1—Cy)

Co t R

1 The temperature was 9°.4.



CALCULATION OF RESULTS. 9

the quotient, the logarithm of which occurs, may be written thus

T: (T, —Tas)
iy A

since the values of C (the concentrations, in kgrm. mols. per
cubic metre, of the free caustic soda) are proportional to those
of T (the quantities of free caustic soda expressed in cc. of
the baryta solution employed).

Co is the final concentration (in kgrm. mols. per cubic metre)
of the caustic soda in the mixture in which the reaction has
taken place, the concentration being unity when 40 kgrms NaOH
are present in each cubic metre.

If the baryta solution is N times normal we have

N
Co = To 156°

The value of k becomes therefore

12,3025 X 100

lle == Log Te (T — To)

T, Nt T, (Ty — To)

These values of k are entered in the third column of the
table', their practical identity shows that the requirements of
the original differential equation are satisfied.

The equation

— Lo kao
leads us to the conclusion, that each of the bodies taking part
in the reaction has an equal influence on its velocity.

L. Tu. Reicner® has confirmed this experimentally, and has
shown that the same value of the constant k is obtained, whether
excess of caustic soda, or of the ester, be employed.

In this case also, the hydrolysis of ethyl acetate by caustic
soda was studied.

1
' N = mogr

2 Lies. Ann. 238, 276, 1887.



10 THE BIMOLECULAR REACTION.

The apparatus used is shown in fig. 2.

The most important condition to be fulfilled in these experi-
ments, is that the free soda contained in the mixture, must not
be exposed to the air either during itsintro-
duction, or afterwards within the apparatus

itself. \
RO< ;b ( ><)S The apparatus consists of two fairly strong

vessels, P and Q, which communicate by a
thick-walled tube, and which may be closed
H7  above by taps R and S. At U and T there
are two marks. The volume from R to
the mark U was 125.7 cc., from U to T
100.2 cc.

In order to find the final titre, the apparatus,
after being carefully cleaned and dried, is
exactly filled from R to U with. the alkaline
solution of known strength through the tube V;
the piece of tube V R is then cleaned and filled
with mercury, and finally, through S, so much
more of this metal introduced that in all 10 cc.
of it have been employed. The exit tube K
of the apparatus A (fig. 1) which has already been described,
is now united to V by a short india rubber tube, and with the
help of mercury which is poured into the funnel B, the mixture
of caustic soda and ester is allowed to flow into P so slowly

‘VW w4

Fig, 2.

that 1t remains as a separate layer over the solution of soda;
this can be plainly seen by the sharp boundary between the
two layers.

The apparatus being filled in this way to the mark T, the
taps are closed, and the liquids mixed by transferring the mercury
alternately from one vessel to the other 100 times, shaking
vigorously meanwhile. The contents are then allowed to stand
for at least 24 hours, after which the titration is proceeded with.

This is done by first pouring in some mercury above S, and
attaching a tube for drawing off the liquid at V; W is then
connected to a gas holder containing air and the liquid driven
out to the mark T, after which (from T to U) 100.2 cc. of the
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mixture are allowed to flow into a measured quantity of sul-
phuric acid which must be in excess. This is then titrated back.

A second 100.2 ce. of liquid is now driven out of the appa-
ratus after running mercury into Q through S up to the mark
T, in the way just described.

The results obtained with this apparatus are contained in the
following table: —

(Temperature 15°.8).

a. Experiments with excess of caustic soda.’

Time in minutes. Titre of the base s
t in the mixture. (T)

0 62.09 -
3.74 54.33 3.47
6.28 50.60 3.48
10.48 46.28 3.43
13.59 43.87 3.44

w 33.06 —

b. Experiments with excess of ester.?

Time in minutes. Titre of the base X
t in the mixture. (T)
0 38.94 —
2550 , 31.32 3.47
5.04 25.92 3.43
8.84 20.74 3.41
10.71 17.85 3.42
v 23.65 —

In both cases the values of the constants agree together
very well; k, in the last column of table @, is calculated in the
way described on page 9. In the second table, 4, where excess

1
i e
N = g7
1
2 die
N = &
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of ester was used, the sign of T, must be changed in the formula
for k (page 9) so that in table &

2.3025 X 100 T Ty (Ty + To)

T Nt GO R TE

At the present time a considerable number of researches on
this subject are in existence; as further examples of bimolecular
changes the action of acids on acetamide (Osrwarp)', and that
of bases on lactones studied by P. Hexry? are to be mentioned.

A simplification which may be introduced by using the react-
ing substances in equivalent quantities will now be pointed out.

In this special case, the ratio of the concentrations of the sub-
stances does not change during the reaction; by choosing the
units in a suitable way, only one single concentration need be
taken into account.

This concentration, which refers to both bodies, will be called
the concentration of the system. ;

In place of the equatibns

k=

d C d C
e dtl = k1 Cl 02 and — dt2 = kg Cl Cz
we may write the following,
d C
ot e Vs, e
dt': 5 S
C being the concentration of the system.
Integrating we obtain
%— = kt 4 constant...... (1)

Considering for example the hydrolysis of an ester by caustic
soda, (in equivalent quantities), the concentration of the system is
proportional to the titre of the alkali in the solution, therefore

where C; and T; are the original values of the concentration and
titre, C; and T, their values after a partial decomposition.

1 Journ. prakt. Chem. (2), 27, 1, 1883.
2 Zeit. phys. Chem. 10, 96, 1892.
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Eliminating by means of this equation the constant of integration

in equation (1), we get
o (L___l_)z_l_T_l—‘_Tt,
t \Cy C, t Cy T,

On comparing this expression with that which was obtained
for the monomolecular reaction, (page 3),

i A
k=3 log gp 5wy
a great difference is apparent.’

While in the case of a monomolecular reaction the value of
k depends exclusively on the choice of the unit of time (t), in
the case of the bimolecular reaction its value is also a function
of the unit of concentration (C).

The following statement indicates the difference in the courses
of the mono- and bi-molecular reactions: —

In a bimolecular reaction the quantity decomposed depends on
the volume of the decomposing system.

This proposition is obvious, when one remembers that the bimole-
cular reaction differs from the monomolecular, in the fact that
in the former, the encounter of the reacting molecules must occur.

A further simplification takes place if in a bimolecular reaction
one of the reacting bodies is present in great excess. For since its
concentration, Cy, is then not perceptibly changed during the
reaction, C, in the equation

d C
T dtl = k]_ Cl Cg
is to be considered as a constant, so that
d C; _
e e

that is the process takes place in the same way as a mono-
molecular reaction.
Processes of this kind have been examined in great number. *

1 This expression corresponds in every way to that obtained on page 3, —

— e —-————-———-—o ——
k= 5 logs 5p- s s By

2 WiHeLyr, Ostwald’s Klassiker der exacten Wissenschaften, No. 29. — WITTWER,
Pogg. Ann. 94, 598 (1855). — HarcourT and Esson, Phil. Trans. (1866)193; (1867)

117. — OstwaLD, Journ. prakt. Chem. 28, 449 (1883); 29. 385; 31.307.
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Bucuanan ' has studied the action of a large excess of water on
monochloracetic acid at 100°, and found that it takes place
according to the following equation: —

¢, H, €10, + H, 0 = C, H, 0, + H CL

As may be foreseen, the reaction in this case goes forward
as if it were monomolecular, because the concentration of the
water may be regarded as constant.

In order to confirm this, a solution containing 4 grams
of chloracetic acid per litre was heated for a definite time in
sealed tubes, (of 15 cc. capacity), which were suspended in boil-
ing water. The reaction was then stopped by sudden cooling,
and the titre of the acid in the solution determined by means
of N/;o ammonia.

C, and T, being the concentration and titre respectively at
the beginning, and C; and T, the same quantities after partial
decomposition, we have the relationship :

2T, — T,
C,=0C =5
t 1 'Tl
The following table contains the experimental results.
Time in hours. :
¢ Titre of the l C,__ 1 T,
o lution. T RV e
60 solution 1— 1
0 12.90 —
2 18.45 0.000158
3 13.90 0.000195
4 14.20 0.000192
6 14.60 0.000170
10 15.80 0.000184
13 : 16.40 0.000176
19 17.60 0.000173
25 18.50 0.000165
34.5 20.50 0.000187
43 20.65 0.000155
48 21.30 0.000159

Obviously the reaction takes place as if it were monomolecular.

1 Berichte, 4, 340, 1871.
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Effect of molecular volume.

In order to determine this, Scuwas investigated the following
process which is analogous to a hydrolysis,

C, H, C10, Na + NaOH = C, H; O3 Na + NaCl.!

Assuming that the change takes place in accordance with the

above chemical equation, the quantity
of the undecomposed compound in unit
volume, may be determined by means
of the titre of the alkali in the
solution which is undergoing the
change.

If the sodium chloracetate and the
caustic soda be used in molecular pro-
portions, the simplification before men-
tioned may be employed.

We have then only to take into
consideration the concentration of the
system, which refers both to the sodium
chloracetate, and to the caustic soda.

The experiments were

made with the apparatus shown in fig. 3.

The large flask contained initially 553.9 cc. of a
caustic soda solution (containing 1.9935 grams
NaOH) * at a temperature of 100°; the small flask
B in which there were 2.3542 grams of chlo-
racetic acid * could be shattered at a given
moment.

Since the molecular ratio between the quantity
of the acid and of the soda was 1 : 2, a mixture
of sodium chloracetate and caustic soda in the

1 See also BucHANAN, Berichte. 4. 863, 1871.
2 Prepared from sodium amalgam.

3 1.3879 grams of this acid required 18.18 cc. of 0.8077 N caustic soda solution

for saturation, the calculated quantity being 18.2 cc. %
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desired proportions is produced by bringing the two liquids to-

gether.

After a suitable interval the titre of 17.75
ce. of the liquid was determined in the follow-
ing way: — The liquid was expelled at C by
blowing, and poured through a funnel into
the tube D, which was surrounded by ice in
order to stop the reaction.

The funnel was then removed and the li-
quid transferred to the vessel in which the
titration was to take place by means of the
pipette E. (fig. 5).

The results obtained are given in the fol-
lowing table.*

Time in minutes. 'ljitre of 17.75 cc. k= Y (T2 s Tt)
¢ in terxps of.’ N/a0 (ty— t3) Cq T,
sulphuric acid =T |t, =4, T, = 14.9, C, =0.042
0 15.97 (calculated) (0399)
4 14.9 —
13 14.1 0.15
23 1328 0.15
33 12.75 0.138
63 11515 0.136
93 10.0 0.1381
123 8.95 0.133
153 3 0.138
183 3 0.138
258 5.95 0.141
318 Sl 0.144
378 4.55 0.145

1 In calculating the value of k the initial conceutration has not been used, that
observed after 4 minutes had elapsed being teken (viz. Co = 0.042); in this way we
eliminate an irregularity in the course of the reaction which exists in the first period
and which is due partly to the incomplete mixture of the substances and partly to the
heat evolved by the neutralisation. The change is accelerated by these causes to such
an extent, that the value of k is trebled (0.399).
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It is obvious that the course of the reaction here investigated
is not normal. The values of k obtained at the beginning of
the reaction, refer in fact to an dqueous solution, whilst those
which were obtained later are affected by the action of the sod-
ium chloride formed during the reaction.

Scuwas ' has avoided this difficulty by studying the decompos-
ition in very dilute aqueous solution; with this object he used
solutions of different initial concentrations. i

Chloracetic acid was mixed with caustic soda in dilute solution
in the ratio C; Hs Cl O, : 2 Na OH; the formation of sodium
glycolate being prevented by cooling.

From this solution five others were prepared which contained
respectively 32, 16, 8, 4, and 2 grams of chloracetic acid per
litre. These solutions were brought into glass tubes which were
then sealed. Six tubes of each series were kept for a certain
time in boiling water, after which the titre of their contents was
determined by means of N/y sulphuric acid. From this the
quantity undecomposed was calculated.

The following mean values of k were found in this way.

Value of k. Concentration.
0.18 0.2
0.163 0.099
0.14 0.059
0.128 0.038
0.131 0.015

A deviation comes to light in these numbers which was
concealed in the experiments described on p. 16, and which is
nevertheless of a fundamental character. The value (}f k decreases
with decreasing concentration to a certain limit (0.13), after
which it remains constant.

We see accordingly, that here the equation for the bimole-
cular reaction,

' i

T = kt 4+ const,

is only true for small concentrations.

1 Inaugural Dissertation, Amsterdam 1883,
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The agreement between the requirements of the formula and
the numbers found experimentally is sufficiently good for concen-
trations smaller than 0.038. :

This concentration may be called the gaseous concentration,
because it is not very far removed from that which the mixture
of sodium chloracetate and caustic soda would have at mormal
temperature and pressure in the gaseous condition viz: — 0.023.

This experimental result was the origin of a series of experi-
ments on the course of the decomposition in a very weak solution
(initial concentration = 0.04984); they were carried out with
great care in sealed tubes.

The following are the results.

Time in minules. Tl.tre o 80.756; 1 (T,—T,
5 in terms of g

N/p 1,80, = T |-+ b0

0 25.25 -
45 19.55 0.1300
90 16 0.1289
180 1k B 0.1291

The constancy of k leaves nothing to be desired.

Owing to the fundamental nature of the deviation just described,
it is of interest to trace its origin.

We assumed, in deducing the equation for the bimolecular
reaction, that the quantity of the two bodies decomposed in unit
time was proportional to the quantities of each of them in unit
volume; this assumption includes another which is not fulfilled
in the experiments, namely, the volume of the reacting substances
themselves must be zero. A

The non-fulfilment of this condition appears to be the cause
of the irregularity observed. On the one hand the irregularity
disappears when the concentration becomes small, that is, when the
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space occupied by the reacting bodies vanishes in comparison
with the whole volume, on the other hand the deviation changes
in the way which might be expected, k increasing with the con-
centration.

IV. THE POLYMOLECULAR REACTION.

We may now go a step further and write down the differen-
tial equations for more complicated cases. If we consider a
reaction which may be ascribed to the mutual action of n mole-
cules, we have

d 01 d Cn

= b€y €52l 3C,; ety — i Y kn G Ci....Cy
where C;, C;....C,, are the concentrations of the substances
reacting on each other, k;....k, are constants, and tis the time.

When the reacting bodies are present in the proportions in
which they take part in the reaction, the equations may be
simplified to one single expression,

dC

o E:kC“,

where C is the concentration of the system.

Integrating this, we find'

1

o=t = kt + constant,

in which the value of k is (n—1) times that which it had in
the differential equation.

It would be interesting if it were possible to realise the differ-
ent cases which follow from this equation, that is if it were
possible to study the course of a tri- (n=3), or quadri- (n = 4),
molecular reaction,

It is not difficult to find chemical equations which represent

1V is supposed to be constant.
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three, four, or more molecules as interacting; as for example
4 P H3 = P4 + 6 Hg
or the case investigated by Hoop *, ‘

KCl03 + 6 FeO = KCl + 3 Fe,0s.

Researches on this subject have, however, shown that the
greater number of such equations give an entirely false idea of
the mechanism of the reactions, only expressing the quantitative
aspect of them.

This mechanism is generally very simple, in almost all cases
it is mono- or bimolecular,
rarely trimolecular.

v So for example the decom-
position of phosphorus (or
arsenic) hydride takes place
as if it were mbnomolecular,
thatis according to the equation,

PH =GP =

a| —IF=¢ whilst Hood's reaction appears
to be bimolecular.

According to the researches
of J. vay pe Srapr® which
will be described below, the
slow oxidation of phosphine
may, under certain circum-

stances, follow a very simple
course, namely that of a bi-
molecular reaction.
He found that the following are the principal changes which

may occur during this slow oxidation: —

1 2PH; + 40, =P,0, +3H, 0

2 2PH; +30,=2H; P O

3 PH;+-0,=HPO, +H,

Fig. 6.

1 Phil. Mag, (5). 20, 323, 1885.
2 Zeit. phys. Chem. 12, 322. 1893. Inaugural Dissertation. Amsterdam, 1893,
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Equation (1) represents the change which occurs in the ordinary
combustion of phosphine.

By means of the apparatus shown in figure 6, changes (2) or
(8) could be brought about at will, and so could be separately
studied; metaphosphorous acid which was previously unknown
was prepared in the course of this investigation.

Oxidation to phosphorous acid.

The principal condition which must be fulfilled if reaction (1)
is to be excluded, is that the gases must be brought together in
a suitably dilute condition and as dry as possible; instantaneous
oxidation can be insured, and excess of one or other avoided,
only in this way.

The flask V is evacuated at d by means of the air pump, and
¢ closed; e is connected to the phosphine, f to the oxygen gas-
holder, while p acts as a gas pipette the contents of which may
be transferred to V by turning a. The tap a is so arranged
that V may be placed in communication with the manometer M
or with the pipette p; the tap b allows the apparatus to be
placed in communication with e or with f, or to be closed entirely.

In the dark room the gas required is admitted, one pipette full
at a time, into the flask until its admission fails to produce any
further luminosity, showing it to be present in excess. The
following results were obtained, the + sign indicates that lumi-
nosity was observed after admission of the gas;

P H, 0,
1+1— 1-Ralids =
1+ 1— 1+1+1—
ity b7
1 +1— 1+1+1—
26 39

The manometer remained stationary during these 65 admissions
of gas, although one pipette full alone produced a pressure of
0.7 mm. in the flask.

The flask was covered with a coating which became solid and
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crystalline on standing over night, and then melted at 63° and
gave the reactions of phosphorous acid, (melting point 70°).
Everything points therefore to the change having taken place
entirely according to equation (2).

Oxidation accompanied by liberation of hydrogen.

If in the experiment just described the admission of the gas
to V be brought about slowly by opening the tap a gradually,
a greenish blue flame, which is frequently intermittent and which
in daylight only betrays its existence by the formation of a
cloud, is seen instead of the phosphorous acid flame which in
the dark is almost blinding and often accompanied by a slight
explosion. ;

The reaction accompanying it is quite different from the former
one; a quantitative experiment carried out in the apparatus
alvready described (fig. 6) gave the following result;

P H,

++ 4+

1
1
1

+ + o+

1
1
1

+ + +

I 1
14 1
L 1

++ +

1+1—
1+1—
1 1 —

The manometer now indicates an evolution of gas, corres-
ponding to an increase of pressure of 53/, mm., that is, since one
pipette full gave 0.7 mm., nearly 9 pipettes full. Therefore the
gases react together in equal volumes, and leave behind a third
gaseous substance equal in volume to either of them. A very
accurate confirmation of this may be obtained by adding oxygen
carefully to phosphine in excess; the addition of 17 consecutive
pipettes full of oxygen, each of which produced a blue flame on
entering the flask, left the level of the manometer unchanged
at 281/, mm.

Formation of metaphosphorous acid.

Although the gas produced in the last experiments was found
to be hydrogen, and the equation for the change was therefore
probably PH; + O, = H, + HPO,, the compound HPO,, the
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formation of which is assumed, could not be isolated with the
experimental arrangements described.

In place of it a yellow or brown deposit was formed, which
was partly moist and soluble in water, and in short was evidently
a non-homogeneous product of secondary reactions.

A good result was however at once obtained when the two
gases were mixed by diffusion instead of by allowing them to
flow into each other. They must also be very dilute; at a
pressure of 50 mm., even when the gases diffuse into each other
the action is too violent, and no pressures greater than about
251/ mm. are suitable. To obtain the necessary quantity under
these circumstances, the flask V was allowed to remain in connexion
with the air pump, and filled with phosphine at a pressure of
255 mm.; the air pump was filled with oxygen at 251/3 mm.,
and the tap a opened.

The manometer indicated the gradual combination by a decrease
of pressure.

This was,

after 2 hours 3!/3 mm.
19 o 1 5l/g 1]
s 21 wo gy
1 24 1 ) "

This decrease corresponds to the desired change, for as the
volumes of the flask and of the air pump were in the ratio
0.69 : 1, a decrease in pressure of about 101/ mm. would be
anticipated.

The flask had in the meantime become covered with glittering,
feathery crystals which were at once seen to differ from
phosphorous acid; they did not melt at 80°. (H3PO; melts at
70°, HyPO, at 17°),

In addition, their behaviour with aqueous vapour was very
characteristic; on admitting a very little water through a, the
coating of crystals first liquefied, and then after a few minutes
solidified entirely, forming long needles, which plainly consisted
of phosphorous acid,

HPO; Sie HQO = H3P03
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subsequently these again liquefied, and the aqueous solution now
formed showed the well known reaction of phosphorous acid
with silver nitrate. '

The change which occurs during slow oxidation.

The question as to which of the above changes occurs during
the slow oxidation of phosphorus hydride, and to what extent it
occurs, still remained to be answered.

11.89 cc. of phosphine and 6.69 cec. of oxygen were mixed
together in a eudiometer and heated in a water bath to 50°
until the pressure no longer decreased.

The volume of gas remaining, 10.3 cec., was free from oxygen,
and contained 6.2 cc. phosphine and 4.1 cc. hydrogen.

1189 — 6.2 = 5.69 ce. P H; and 6.69 cc. O had thus
disappeared forming 4.1 cc. Hy,. Assuming that the latter had
been formed in the same way as before, thatisfrom 4.1 ce. P Hy
and 4.1 cc. O,, we have 5.69 — 4.1 = 1.59 cc. P H; and
6.69 — 4.1 = 2.59 cc. O, which have reacted together in some
other way, probably to form phosphorous acid as their volumes
are approximately in the ratio 2 : 3.

In the slow oxidation, therefore, we are dealing with the two
processes

2 PH, 8705 =2LB0; "5 . 2{(a)
and PH; + O, = HPO, + H,. . . . (%)

That the latter does not occur alone is doubtless due to the
very considerable concentration (the pressure was approximately
one atmosphere) at which this slow oxidation took place.

The following observations, made by vax 'r Horr, confirm this
result. Oxygen and phosphine in the ratio of 361 : 177 were allowed
to react partly at the ordinary temperature, but for the greater
part at 50°. A residue of 196 mm. O, and 42 mm. PH; was

left unchanged, 70 mm. H, being produced at the same time. *
Therefore,

177 — 42 = 135 PHj, and 361 —— 196 = 165 O,
had undergone change.

1 The volume of the gases being constant, the quantity is measured by the pressure.
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According to equation (4), 70 mm. of hydrogen are formed
from equal amounts of phosphine and oxygen, so that after
subtracting 70 from each of the above quantities in order to
allow for the formation of the 70 mm. of hydrogen, we obtain
65 mm. PH; and 95 mm. O, quantities which are nearly in
the ratio 2 : 3.

This result agrees very well with the hypothesis that the
oxidation takes place partly according to equation (a), partly
according to (b); only in this case, owing to the greater quantity
of oxygen, rather more of the phosphine (just half of it) is
changed into phosphorous acid than in the first experiment.

The slow oxidation therefore takes place approximately ac-
cording to the equation

4PH3+502:2HP02+2H3P03+2H2,

in which the phosphorous acid might occur as the pyro-acid
H,P,05.

As bearing on the simplicity of many reactions the results of
Surrrerts and Dexr! are interesting; they found that the com-
bustion of cyanogen takes place in two phases, viz:—

02N2 + 02 == 2 CO + Ng,

whilst in the second phase the carbon monoxide is oxidised to
carbon dioxide.

We are dealing therefore, in this case, not with a trimolecular
reaction represented by the equation

02N2 + 2 02 j— N2 + 2 COQ,

but with a bimolecular reaction.

The trimolecular reactions with which we are at present
acquainted will be more fully treated later. At present it may
be mentioned that their number is small.

1 Journ. Chem. Soc. 1894. 603.



THE COURSE OF CHEMICAL CHANGE.
SECOND PART.
DISTURBING ACTIONS.

Chapter L
Disturbing actions in liquids.

I. EFFECT OF THE MEDIUM ON THE VELOCITY OF
REACTION. ACTION OF CONTACT.

It is only in rather rare cases that a chemical change takes
place in the simple way indicated. The influences to which it
is subject are so manifold, that the study of the course of a
reaction resolves itself to a great extent into that of the
disturbing effects. For this reason these secondary actions will
be separately considered here.

In this special chapter such obvious causes of irregularity as
lack of homogeneity of the reacting substances, evolution of
heat by the reaction, occurrence of secondary transformations and
so on, will not be considered.

Attention will rather be directed to less evident disturbances.
As we have chosen the normal course of change for our point
of departure, we shall first turn to the reactions which take
place in liquids in order to study these phenomena, hecause in
liquids the influences under consideration are very little felt and
are easily eliminated, whilst the study of the gases presents
much greater difficulties in this respect and can only be taken
up later.

If a reaction take place in a liquid there is only one cause
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of irregularity which merits special attention here, namely the
influence of the medium on the velocity of the reaction.

It is evident that if this influence really exist, the data
relating to the reaction will not be comparable with each other in
the different periods of its course, because the medium is grad-
ually modified in consequence of the accumulation of the products
of the reaction.

Such an influence of the medium on the velocity of the reaction
quite certainly exists, and is of considerable magnitude even in
those cases in which a chemical, or any analogous process which
might be supposed to produce such effects, appears to be ex-
cluded; that which is called action of contact, therefore, really
exists.

The numerous observations which have been made on the
influence of the medium on the velocity of a reaction can be
referred in the majority of cases to actions which are due to the
nature af the medium; they do not in the least compel us to
admit the reality of the mysterious action of contact.

Thus the following two categories of observations appear to
be wholly unsuited to solve the question.

(1) There are in the first place those actions of the medium
which are evidently of a chemical nature.

- (2) We have secondly those observations in which the reacting
bodies were not in a homogeneous condition; these cannot be
regarded as decisive.

The effects produced by spongy platinum may perhaps be
classed with these, though this is a point which is not yet
completely elucidated.’

Further, (and this remark applies to the experiments of
Boeuski® on the rate at which marble is dissolved by dilute
acids), an alteration of the medium (such as the addition of
certain salts to it) may favour the renewal of the decomposed
acid near the marble and thus may influence the velocity of the
reaction in a way differing entirely from a contact action.

The following observations, against which the objections men-

1 See also OstwaLp, Lehrbuch der Allgem. Chemie, II. 512 et seq.
2 Berichte 9, 1646, 1876; see also Sprine, Zeit. phys. Chem. 1, 209, 1887.
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tioned cannot be raised, seem to establish the action of the
medium in virtue of its presence alone: —

(1) Berraeror and P#ax pe St. Gies' found that an excess
of alcohol retards the etherification of acetic acid in such a way
that a gram molecule of it was transformed in 4 hours at 100°

28 per cent 2
to the extent of{18 = } by ) } molecules of alcohol.
1 3 10

(2) A thorough investigation of the subject has recently been
made by Mexscnurriy ®, who has shown by means of an extended
series of experiments, that the so called chemically indifferent
solvents influence the velocity of chemical reactions in very
different degrees.

Whilst for example the combination of triethylamine and ethyl
iodide takes place with a velocity — 1 when they are dissolved
in hexane, the same combination occurs with benzyl alcohol for
solvent with a velocity which is 742.2 times greater.

It may therefore also happen that one of the liquid bodies
which is taking part in the reaction is itself an unfavourable
medium.

An excess of aniline for example retards its own action on
acetic acid in such a way that, of a gram. molecule of acetic acid

35 per cent

1
99 is changed by { 9 } molecules of aniline

into acetanilide in 15 minutes at 155°.

(3) L. Mever® has drawn attention to the fact that the
velocity of nitration of benzene increases proportionately to the
square of the quantity of nitvic acid used, whereas it is diminished
by excess of benzene.

Along with these phenomena we may here mention the
researches of Laxporr® on the change in the optical rotatory

Ann. Chim. Phys. (3), 66, 90, 1862.

Scuwas, Inaugural Dissertation p. 87; cf. p. 17.

Zeit, phys. Chem. 1. 627, 1887; 6, 41, 1890; Berichte, 15, 1618, 1882.
Zeit. phys. Chem. 2. 713, 1888; Berichte, 22, 18, 1889.

Das optische Drehungsvermégen.

[ N
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power of a substance when it is dissolved in liquids with which
there is little probability of a chemical reaction, for example
turpentine dissolved in alcohol, benzene, or acetic acid.

To those who regard the rotativity as a function of the con-
stitution of the molecule, (without regard to any special hypothesis),
an alteration in it will be an indication of some displacement
of the molecular equilibrium.

The velocity of a reaction is very much affected by such
small displacements; the slow course of the monomolecular
reactions proves, for example, that the different molecules, although
apparently placed in identical conditions, still differ from each
other in such a way that in a given time only a part of them
undergoes change.

Lasport expresses himself as follows: —

“It is conceivable that when molecules of a foreign body
(alcohol) come between the molecules of an active substance
(turpentine) a certain modification is produced in the structure
of the latter, so that in each molecule the distances between
the atoms, ' their arrangement in space, and also the nature of
the atomic movements are changed.”

In connexion with the experiments which he has recently
made MexscHuTRIN ' says: —

“This behaviour shows that a certain contact action occurs
between the so called indifferent solvent and the dissolved body,
in consequence of which solutions of a body exhibit different
chemical behaviour with regard to the changes in the velocity
of chemical reactions taking place in such solutions, according
to the composition and structure of the indifferent solvent.”

On the whole, experience forces us to admit that contact action
exists, that is, that the medium may by its mere presence influence
the velocity of a reaction. The greatest attention must therefore
be paid to this influence in studying the course of a reaction.

1 Zeit. phys. Chem. I, 627 et seq. 1887; 6. 41 et seq. 1890,
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II. INFLUENCE OF PRESSURE ON THE VELOCITY
OF REACTION.

That the rate of reaction is influenced by pressure is proved by
many of the researches which have been made on the subject.

Rercuer ' has shown that the transformation of monosymmetric
into rhombic sulphur takes place at 96°.2 under a pressure of 16
atmospheres, whilst at atmospheric pressure the change in the
opposite direction occurs at this temperature. Later, Serixe and vax
'r Horr found that copper calcium acetate, which decomposes into
its constituents at 77° under atmospheric pressure, undergoes this
same decomposition at 40° when the pressure is 6000 atmospheres.

Serive * has prepared compounds of sulphur and arsenic with
various metals by using very high pressures. A great number
of reactions may be brought about by sudden pressure ®.

These effects of pressure will, however, be considered below,
for the present it is sufficient to point out their existence.

The influence of pressure on the rate of reactions taking place
in liquid media has only been examined in a few cases.

Berrneror and Pias pe St. Giiies ¢ could find no difference in the
rate of etherification of an alcohol by an acid at different pressures.

Vax 't Horr also found that the rate at which dibromsuc-
cinic acid, when dissolved in water, is transformed at 100°, is in-
dependent of the pressure.

Finally some recent experiments by Ronrees® may be men-
tioned, in which the influence of pressure on the rate at which
cane sugar is inverted by hydrochloric acid was studied. The
pressure used was 500 atmospheres, whilst BerrueLor and Pgax
pE St. Giues worked at 50, and vax 't Horr at 6 atmospheres,

Ronteex concludes that the rate of inversion is diminished
by pressure. He is, however, not justified in drawing this con-
clusion from his experiments.

1 Grorw’s Zeitschrift fiir Krystallographie; Vol. 8. p. 593, 1884. Inaugural Dissertation,
Amsterdam, 1883,

2 Bulletins de I’Académie royal de Belgique, [2] vols. 45 and 49. Berichte 15. 595,1882.

8 MEYER. Dynamik der Atome. 1883, 393.

4 Ann. Chim. Phys. (3) 66. 45, 1862,

5 WiEp. Ann. 45, 98, 1892.
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For if the velocity constants for the inversion be calculated
from his numbers, it is found that the values of the constants
obtained in different experiments with the same solution differ
from each other more considerably, than do the constants obh-
tained - with solutions which have undergone inversion on the
one hand at the ordinary pressure, on the other under a pres-
sure of 500 atmospheres.

The differences observed by Roxteex in the course of the in-
version under different pressures are accordingly smaller than
the errors in the experiments, which are of not incousiderable
magnitude, and which can be completely accounted for by the
variations of the temperature of the solutions®. ‘

A measurable acceleration of the reaction should however
occur with weak acids or acids of intermediate strength, as in
such cases, according to the calculations of Tayuaxy ®, the external
pressure exerts a very considerable influence on the degree of
electrolytic dissociation of the acid.

Chapter IL
Disturbing actions in gaseous systems.

I. THE ORDER OF MAGNITUDE OF THE DISTURBING
ACTIONS IN GASEOUS SYSTEMS.

While it is fairly easy to eliminate the disturbances which
occur in the course of reactions in liquid systems, and to lay
bare the true character of the course of the reaction in all its
simplicity, so that reactions of this kind form the most convenient
material for studies in chemical dynamies, it is quite different
with gaseous systems. There the irregularities of the reactions
are of such importance that it is frequently difficult to realise
the normal course of the reaction.

When this work originally appeared there was in existence
a number of researches, by other chemists, on the course of

1 See TAMMANN, Zeit. phys. Chem., 14, 444, 1894.
2 See TAMMANN, Zeit. phys. Chem., 17, 723, 1895.
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reactions in liquid systems, the results of which agreed more or
less with the requirements of the equations which have been
deduced above.

This was the case with the researches of Bucmanax' on the
decomposition of chloracetic acid by caustic soda, and of aqueous
solutions of chloracetic acid; with those of Ureck on the birot-
ation of milk sugar® and on the inversion of cane sugar®; and
also with those of WarpEr* on hydrolysis; since then they have
become innumerable.

The position is, however, quite different when we turn to
chemical reactions in gaseous systems; the only researches in this
department, which up to the present time have been brought to
a satisfactory conclusion are those on the rate of change of
arsine and phosphine (vax 't Horr, Koow), and of hydriodic acid
(BopexstiN). On the other hand our experimental knowledge of
the disturbances which affect reactions in gaseous systems has
greatly increased without any comprehensive explanation of the
greater part of the phenomena having, so far, been given.

The following observations appear to point to a contact action
of the medium, though other hypotheses have been proposed to
account for them.

(1) The rate of oxidation of phosphorus is affected in a
remarkable way by various gases.

For example the oxidation in air is prevented by mixing the
air with 1/; of its volume of H,S, /50 of ether vapour, /40 of
ethylene, 1/1000 of PHj, /490 of petroleum vapour, or /g of
turpentine vapour ®.

(2) In recent years a great number of cases have been investi-
gated, more especially by Dixox and Baxker, in which the influence of
minute traces of aqueous vapour on chemical changes is apparent °.

1 Berichte 4, 863, 1871

2 » 15, 2457, 1882.

3 " 16, 2270, 1883.

4  Amer. chem. Journ. 3, 1881—82; Berichte 14, 1361, 1881.

5 According to Gramam, Phil. Mag. 5, 408, 1834, liquid hydride of phosphorus
shows a similar behaviour. i

6 The literature of this subject is given in the Journal of the Chemical Society
1894, (Trans.) p. 623.
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According to Dixon' a perfectly dry mixture of carbon mon-
ide and oxygen cannot be exploded at all, or only with great

difficulty, by the electric spark. If a minute trace of moisture

be

brought into the mixture, the explosion occurs at once without

difficulty. The explosion may also be induced by other gases
such as H,S, NHj; HCIl, C.H,, i.e., such as contain hydrogen,
while SO,, CS,;, CO,, C,N, are without action.
Furthermore the quantity of the aqueous vapour present hasa very
great effect on the velocity with which the explosion is propagated.
It is in place, however, to point out here that in other reactions

the presence of aqueous vapour may retard the change; the

rate of decomposition of ammonia at high temperatures according

to

Tuan® is diminished by about 98 per cent by the presence of

aqueous vapour, and according to vAN pE Stapr® the rate of

oxidatiou of gaseous phosphine is also diminished by it.

Among Baxer’s numerous observations, the experiment in which
phosphorus was found not to burn in very -carefully dried

oxygen even when heated to 150°, may be pointed out as par-

ticularly interesting; it was only after the admission of a small
quantity of moist air that inflammation occurred, * Similar results

were obtained with sulphur, carbon, ete.
5 (8.) Whilst studying the action of hydrogen on chlorine under
the influence of light, Bunsex and Roscor * found that the rate

of

change was diminished
37.8 per cent 3/1000 of hydrogen,
to the extent of{ 9.7 - by{ 5/100 of oxygen,
60.2 5 10/y000 of chlorine,

Prixasuent ®, Dixoy and Harker 7, and also Baxer® have further

W R

4

Ew.

5

Phil. Trans. 1884, 618.

Lies. Ann. 131, 121, 1864.

Zeit. phys. Chem. 12, 329, 1893.

Baker unfortunately does not mention the pressure of the oxygen used. See
AN’s experiments on p. 68.

Poce. Ann. 100, 499, 501, 502, 1857. Also OsTwALD’s Klassiker der exact. Wissen-

schaften, No. 34. p. 81.

6
7

Wiep. Ann. 32, 384, 1887.
Mauchester Lit. aud Phil. Soc. 1890. OweNs College Researches, 1.

8 Journ. Chem. Soc. 1894, p. 623.
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shown that this change takes place much more slowly when
aqueous vapour is excluded than when it is present.

(4.) The formation of ozone by the electric discharge is com-
pletely stopped by the addition of traces of chlorine, while nitrogen,

hydrogen, and fluoride of silicon are favourable to it'. In this
case aqueous vapour has no effect according to
4 }' B8 Suexstose * and Baxer ®.
1

A reaction which was carefully studied by vax
'v Horr is closely allied to these so called catalytic
== actions; he found that the formation of ammonium
carbamate was accelerated by the presence of aqueous
vapour whilst alcohol vapour retards it.

It is to be noticed that the acceleration produced
by the aqueous vapour is not be ascribed to the

simultaneous formation of ammonium ecarbonate
though this certainly occurs.

Special experiments on this point have shown
that the mixture of steam, ammonia, and carbon
dioxide which may be obtained according to the
equation

NH4HCO3 = 002 ’*" NH3 -+ ‘HQO,

by volatilising ammonium carbonate, forms in the
first place ammonium carbamate with very great
velocity,

CO, + NH; = NH,.COOHN,,

and then, very slowly, ammonium carbonate,

NH,.COONH, + H,0 = NH,.HCO; + NH;.

Fig. 7.

The apparatus which was used in the ob-
servations on the acceleration produced by aqueous vapour
and the retarding effect of alcohol vapour is represented in
figure 7.

1 Compt. Rend. 91, 762, 1880.
2 Journ. Chem. Soc. 1888, 53.
3 Ibid. 1894, 617.
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The side tube C was filled with carbamate und closed before the
blowpipe. The whole apparatus was then filled with mercury and
placed in position in the burette D which also contained mercury.

On heating the salt, the mixture of carbon dioxide and ammonia
produced displaces the mercury from the vessels A and B. When
a sufficient quantity of the mixture is obtained the formation
of the carbamate may be allowed to begin, and the velocity
with which it takes place in the two vessels compared.

This is done by determining the pressures of the gaseous
~mixture in the two vessels from time to time, the volume being
maintained constant., This is accomplished by allowing mercury
to flow out of the burette whenever it is on the point of rising
into A or B.

If the apparatus has been properly filled, the velocities of the
reaction in the two divisions of it are found to be exactly equal.

A small quantity of water is then introduced in a little glass
bulb into A. The quantity used is that which can evaporate at
the ordinary temperature into the space available (0.0004 gram,
or 4 per cent. of the carbamate employed).

Both vessels are then warmed in an air bath so as to decompose
the carbamate which has deposited on their walls. In this way
the mixture of carbon dioxide and ammonia is regenerated in A and
B, but with the difference that'water vapour is now presentin A.

When the two divisions of the apparatus are brought back to
the initial temperature a decided difference in the rates at which
the reaction occurs in them is evident.

The rate in A is approximately doubled by the introduction
of the aqueous vapour.

The retarding influence of alcohol vapour was established in
a similar way, while air had no effect even when present in
fairly large quantities.

Since the existence of these disturbances in the course of a
reaction is proved experimentally in such a variety of cases, it
is not surprising that the greater part of the reactions occurring
in gaseous systems which have been studied up to now do not
follow the equations which we have deduced.' This is the case

1 See the exceptions on p. 32.
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with the experiments of BerrueLor and Pgaxy pe Saiyt Ginies on
etherification, and with those of Lemoixe on the formation and
decomposition of hydriodic acid.

The following changes also, which were investigated by vay
'r Horr, lead to similar results: —

1. The polymerisation of formaldehyde.

2. The polymerisation of cyanic acid.

3. The transformation of moist electrolytic gas
into water.

4. The transformation of dry electrolytic gas into
water.

1. Polymerisation of formaldehyde.

Through the researches of Hormaxy' we know
. that gaseous formaldehyde possesses the formula
CH,0, and that this body gradually changes into
a solid polymeric substance, the formula of which
is very probably C;HOs;.
This reaction was investigated as it is of special
interest, being probably trimolecular.
The apparatus used (fig. 8) consists of a large
round flask A, attached to a barometer tube B.
After evacuating it as far as possible with the air pump, (to
about 2.01 mm.), the gaseous formaldehyde, evolved by heating
the compound C3HgO; in a small retort, was admitted over

Fig. 8.

mercury.

Having thus filled the apparatus it is placed in position in
the mercury of the burette C?®; the volume is maintained con-
stant and the pressure of the unchanged formaldehyde measured
from time to time. The numbers obtained are given in the fol-
lowing table 2.

1 Berichte, 2, 156, 1869.

2 Compare with D in fig. 7, page 34.

3 The total pressure, reduced to 0°, is corrected for the initial pressure of the air
in the apparatus (2.01 mm.).
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: Pressure of the
Fioe: formaldehyde.
0 23.6 mm.
2.3 hours. PR
(LR 20657,
6 days. 1818825
34 3 6.8 =
50 5 15%05 8
82 > G
3  months. =%
4 S ALi0 e
5 2] 2.9 3}

The course of this change does not correspond in any way

with that required
by the equations
which we have pro-
posed.

The same result
was always obtained
when the experiment
was repeated. '

2. Polymerisation of
cyanic acid.

The change of cy-
anic acid into cyame-
lide, which occurs in
the liquid acid with
explosive  violence,

&Bv

takes place in the gaseous acid so slowly that it is specially well

suited for a dynamical study.

1 The reaction does not take place so smoothly as might be desired, for simultane-
ously with the formation of the polymer, its decomposition takes place, and a final
maximum pressure is therefore obtained. This is in agreement with the fact that the
polymer sublimes (TorLEns, Berichte, XV, 1629, 1882).
are however too large to be ascribed wholly to this cause.

The deviations observed
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The apparatus used in this investigation conmsisted of a cylin-
drical vessel A (fig. 9) to which a small manometer B was
attached. The liquid cyanic acid which was employed in filling

it was prepared by heating anhydrous cyanuric acid in the

retort H, and condensing it in

Fig. 10,

the cooled receiver J, (fig. 10).
The liquid acid is poured into the
small, well cooled hottle C, which
is then connected with the tap F,
by means of which its contents
may be put in communication
with the air pump. The air still

remaining in the bottle having been pumped out, it is put in
communication with the apparatus A B which has previously
been fused to E by means of the side tube D, and is vacuous.

After filling, the apparatus is disconnected by means of the
blowpipe and is then ready for the measurements of pressure.
The following table contains the results which were obtained.

Time. Pressu?e of. Time. Pressu.re of'
the cyanic acid. the cyanic acid.

0 139  mm. 23 days 89.1 mm
1 day 136581 26, 85 b=
2 days 3 o AL 84 g
ey 128.4- .., 29 Enn 828" 1%
T D574 8 1] 684 S
D 204 50 7.5 65.9 .,
T 116.7 , 2 months 5655 a0
9.7, 10 O e 4 2 44 A0
19550 106.1 , 5 5 39 7. s
1305 W40 T, 1, 6 e 3Bk
167 99.2 ,, B i Bl =
19 -, 94.7 ., 10 % 2856 15
2] i GG s 20 4 W 0253

Here, also, the measurements do not agree at all with any of
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the equations proposed. The experiment, repeated several times,
always yielded the same result.

3. The transformation of moist electrolytic gas into water.

The transformation of electrolytic gas into water was found
to take place at 440° sufficiently slowly to admit of its course
being followed; this change, especially attractive on account of
its simplicity, was therefore carefully studied.

The apparatus which was employed with moist electrolytic
gas resembled a large thermometer; it was filled by means of

Fig. 11.

the gas burette! A (fig. 11) which contained the electrolytic
gas. By means of the tap B the part of the apparatus to
be filled (shown in the figure in a horizontal position) may be
connected either with the air pump through D, or with A; in
this way it is first evacuated and then filled with the gaseous
mixture, after which, the tap C being closed, it is sealed off be-
tween C and B. Some mercury is now introduced into the part
of the tube to the left of the tap, which is then opened so as

to obtain a short index of mercury shutting off a column of air
of suitable length in the capillary tube of the apparatus (L in
fig. 12). The tube is finally sealed up before the blowpipe.

The bath in which the apparatus was heated (fig. 13) consists
of an iron eylinder A, containing boiling sulphur. Two windows
of mica, one of which is visible at C, permit the height of the
sulphur vapour to be observed.

1 This was constructed in the way described by BUNSEN, Gasometrische Methoden,
1877, p. 76.
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The bath was heated in a Perror’s gas furnace provided with
a gas regulator D

The quantity of the gaseous mixture remaining after the heat-
ing had been continued for a known interval of time, was deter-

Fig. 13.

mined by placing the apparatus in a horizontal position in the
water M, (fig. 12), so as to equalise the temperature in all its
parts. The length of the column of air, L, was then measured
on the scale which is shown in the figure. This length is in-
versely proportional to the pressure, and thus to the quantity
of the residual gas®

The results obtained are as follows: —

Time in hours. Quantlty. i Time in hours, Quantlt‘).r of
electrolytic gas. electrolytic gas.

0 1 54 0.871
6 0.974 61 0.863

13 0.951 68 0.853

20 0.931 () 0.846

27 0.915 82 0.839

34 0.902 89 0.831

41 0.893 116.5 0.808

47 0.881

1 Constructed by Herr CLAESSEN.
2 Both the electrolytic gas and the column of air are saturated with aqueous vapour.
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The results of this experiment, which was repeated several
times, also do not agree with our equations.

4. The transformation of dry electrolytic gas into water.

For these experiments the following alterations were made in
the apparatus just described; the reservoir A', in figure 14, is
filled in the same way as formerly
through K, but it is now made to
communicate with the parts C, D
and F, which are united by means
of a flexible tube containing mer-
cury.

This arrangement allows a por-
tion of the gaseous mixture to be
transferred from A to C, (by
lowering F), in order to dry it by
contact with. sulphuric acid con-

tained in C over the mercury.

While the apparatus is being
heated in the sulphur bath (not in
the apparatus B shown in the figure,
which will be mentioned later) the
whole of the gaseous mixture is
contained in A, and the tap D is
closed.

When the mixture has been heated for the time desired, the
tap is opened and the tube F raised and lowered about a hundred
times so that the gas is dried while it is cooling.

The quantity of the gaseous mixture remaining is then deter-
mined by means of its pressure at constant temperature and
volume °.

The results are the following: —

1 The lower part with the three side pieces serves to prevent A from coming in
contact with the iron cylinder in which the sulplur in boiled.

2 The reservoir A is placed in water from the water supply, and the temperature, the
height of the barometer, and the difference in level between the mercury in C and F
when the gas occupies a given volume, read off by means of the cathetometer.
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Time in hours.| Pressure of the electrolytic gas.
0 997.7 mm.
5 980 y
12 965.6 ,,
20 953.2 ,
29.5 938.4 ,
38.5 926.4 ,,
47.75 D12 R
57 905.2 ,,
67.5 89489 -
78.5 885.3 ,
99.5 S
126.66 860 ¢

Here also the equations which we have deduced are entirely
at fault.

The researches carried out by Krauvse and V. Meyer' in the
year 1891, and by Askesasy and Meyer*® in 1892 on the trans-
formation of electrolytic gas, which will be more fully considered
later, and which were made with electrolytic gas which had
been prepared in a state of purity with the utmost care, gave
the same results; disturbances occur in this case which com-
pletely mask the normal course of the reaction.

The experiments described justify the conclusion that while
the course of a reaction in a liquid medium is normal, even
when no special precautions are adopted, that is, it agrees with
the equations which we have deduced, this is, in general, by no
means the case with gases.

1 TieB. Ann. 264, 85, 1891. Natu1-wis§enschaftliche Rundschau, VI, 349.
2 Lies. Ann. 269, 49, 1892.
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II. THE NATURE OF THE DISTURBING ACTIONS IN
GASEOUS SYSTEMS. ACTION OF THE WALLS
OF THE VESSEL,

Formation of cyamelide and of water; decomposition
of phosphine.

Since the deviations from the normal course of change in
gaseous systems appeared be of a secondary nature, the question
as to their cause presented itself.

It was found possible to prove by experiment the existence
of disturbing actions in the cases which have been described.

Turning in the first place to the disturbing actions in liquid
systems, the volume occupied by the reacting substances must
be taken into account; this volume must be a vanishing quantity
when compared with the whole volume of the system. This
condition is satisfied when we are dealing with gases under
atmospheric pressure; the other condition, that the nature of the
medium shall remain unchanged during the reaction is, however,
not satisfied in gaseous systems.

It is clear that in a reaction taking place between gaseous
substances, as for example the formation of water from electro-
lytic gas, the medium undergoes a profound change. In the
example mentioned, the medium at the beginning of the process
1s electrolytic gas, at the end, it is the aqueous vapour which
has been formed.

In addition to the two disturbing actions which are found in
liquid systems, there are two other causes of irregularity which
exert, their influence more especially in gaseous systems, viz: —

1. The area of the surface of the walls of the vessel.

2. The nature of the surface of the walls of the vessel.

1. Influence of the area of the surface of the walls of the vessel.
Polymerisation of cyanic acid.

The apparatus shown in figure 15 was used to investigate the
effects of the walls of the vessel on the rate of formation of
cyamelide '.

1 On this action, see Nausmany, Ligs, Ann. 160, 16, 1871.
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The divisions A and B have the same volume, but the areas
B o of their walls are in the ratio 6 : 1.

F A little anhydrous cyanuric acid having been
brought into D the apparatus is placed in
a burette containing mercury and evacuated
by means of the air pump which is attached
to it at D. The tube D is then closed
before the blowpipe.

By heating D both compartments are filled
with gaseous cyanic acid. On lowering the
apparatus communication between A and B
is cut off, after which the pressure of the
unaltered cyanic acid is measured from time
to time.

These measurements of the pressure show
that the reaction takes place at entirely
different rates in the two divisions. i

Initial pressure . . . . 188.4 mm.
146.8 ,, in A.
After one day . .{157 g

Ratio of the velocities in A and B, —
183441

The velocity in the division with the greater surface is there-
fore much the greater.

2. Influence of the nature of the surface of the walls of the vessel.

Since the superficial area of the walls of the vessel influences
the rate of the reaction, it may be surmised that the nature of
these walls will also have some action.

This is a matter which is worthy of special attention in dy-
namical studies in which the reaction itself produces some change
in the walls, as for example when a solid product of the reaction
is deposited on them.

Although observations of this kind had previously been made’,

1 NaumaNy, LieB.. Ann, 160, 16, 1871,
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it was still thought to be of special importance to study the
phenomena more completely, in order that their effects might
be eliminated.

Investigations were made on,

«. The polymerisation of cyanic acid.

0. The transformation of electrolytic gas into water.

¢. The decomposition of phosphine.

a. Influence of the nature of the walls of the vessel on the
polymerisation of cyanic acid.

The influence of cyamelide, which is deposited on the walls
of the vessel during the polymerisation of cyanic acid, was stu-
died by means of the apparatus represented in figure 7.

The division B was filled with gaseous cyanic acid, in the
way which has already been described (p. 85). As soon as the
walls had, in consequence of the polymerisation, become coated
with cyamelide, the unaltered cyanic acid was divided between A
and B by raising the apparatus; the communication between the
two vessels was then interrupted by lowering it again, and the
measurements of the pressure proceeded with.

The following results were obtained ;

Initial pressure . . . . . . . 49.5 mm.
\ 44.5 mm, in A.
Pressure after one day . { g

Ratio of the velocities in A and B, —
IR I 28

The rate of the reaction is therefore rather more than trebled
in the division the walls of which are coated with cyamelide.

b. Influence of the nature of the surface of the walls on the
transformation of electrolytic gas into water.

1. Older experiments.

The results obtained in the study of this reaction (p. 40) ap-
peared to point to a disturbance, arising during the progress of
the reaction, and retarding it more and more as it proceeded.
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The apparatus shown in figure 14, when filled with electro-
lytic gas, gave the following results,

Initial pressure . . . . RN R O T
Pressure after heatmg to 448° for

B N OINTSS T et e - s s B (S atve TN At ) B ’1
Diminution of pressure per hour . B pA

After having been used for 130 hours, the same apparatus,
when filled afresh, gave: —

Initial pressure . . . 801.1 mm.
Pressure after heating
@ to 448° for 20 hours 788.8
N

Decrease of pressure
per-hour™ o 5 her SO0,

The change in the nature of
the walls, produced by heating
the vessel for 130 hours, has thus
reduced the velocity of the reac-
tion to one sixth of its original

value.

This result was confirmed by
means of the apparatus repre-
sented in figure 16.

The vessel A, which had been
used in the experiments just men-
tioned, and which had therefore

ke B been heated for 150 hours, was
used along with a second, new vessel B of the same shape.
The two were connected by means of a capillary tube CD.
After evacuation, through E, both vessels were filled with elec-
trolytic gas, and a column of mercury was introduced into C D
in order to interrupt the communication between the vessels, and
to measure the pressure in them; E was finally closed before

the blowpipe.
The two vessels were heated in the same way, in two Perror’s
gas furnaces provided with thermo-regulators (see p.40). They
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were immersed in the vapour of boiling sulphur contained in
cylinders of the form described on page 39.

The heating was discontinued from time to time, the vessels
allowed to cool, and immersed in water from the water supply
to bring them to the same temperature.

The height of the mercury column was then read off on the
millimetre scale.

Time in Height of mercury column. 5 I
s, Old apparatus. | New apparatus. Yoty ipen hour.
0 111.75 111.0
0.63
37.5 100.0 123.0

The result is clear; the formation of water takes place consid-
erably more slowly in the apparatus which has already been
used, than in the new one.

The change which occurs in the walls of the vessels in these
experiments, may probably be accounted for by a superficial de-
vitrification owing to the action of the hot aqueous vapour on
the glass; although this is scarcely visible to the naked eye,
it exerts, as we have seen, an enormous influence on the velocity
with which the reaction proceeds.

It 1s, however, to be noticed that devitrification of the walls
of the vessel does not always retard the reaction; the experiments
of Krause, Askexasy and V. Mever, which will be considered
below, show that the very opposite may occur in the trans-
formation of electrolytic gas into water.

2. More recent experiments.

The laborious experiments of V. Mever, Kravse and Askexasy?,
which were briefly mentioned on page 42, are to be consi-
dered lhere.

1 Sec literature mentioned on p. 42.
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Since Busses and Roscor had observed that exceedingly small
quantities of impurity, have a very great influence on the normal
course of the reaction between chlorine and hydrogen', Mever,
Kravse, and Askenasy took pains to prepare absolutely pure
electrolytic gas for use in their experiments. With electrolytic
gas containing traces of other gases, they had previously ob-
tained entirely irregular results.

Their experiments were performed as follows: — Small glass
bulbs, containing about 20 ec., after being filled with the
explosive gas, were heated for a certain time, either in a liquid
bath, or in the vapour of a boiling liquid.

The final experiments were made with an extremely pure
mixture of oxygen and hydrogen prepared by electrolysis, which,
in order to avoid impurity, had been passed for 10—14 days
through the bulbs which were to be filled, (the bulbs being
united with each other by means of glass capillary tubes). It
was found that the normal course of the reaction could not be
realised.

For example, two very carefully cleaned glass bulbs were
heated simultaneously, for exactly two hours, in the same bath,

_(phosphorus sulphide, boiling at 518°), after which the quantity
of electrolytic gas remaining was determined.

The results are as follows: —

Number of the experiment I II UGt [ v
°/ of the electro- [ Bulb 1. 26.41 27.83 28.2 53.71 63.29
Iytic gas combined| ,, 2. 19.34 100.00 100.0 57.29 100.00

From these results, the only conclusion possible is, that even
the most carefully cleaned glass surfaces possess irregularities
which exert a variable influence on the transformation of elec-
trolytic gas, and that the surfaces of two glass bulbs which have
been prepared with the greatest care in the same way, may be
sufficiently different, or may become so during the reaction, to
account for the entire irregularity in the results of the experiments.

The attempt to prepare identical smooth bulbs was abandon-

1 See page 33.
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ed, and the internal surfaces made completely rough, as it was
thought possible that in this way they might be more. easily
obtained the same. This remedy was however a complete failure,
as the following numbers show: —

Etched bulbs'.

Percentage of electrolytic gas transtormed | 1. 33.8
{ 2 -561.1
The exclusion of glass surfaces was also unsuccessful. Glass
bulbs coated internally with silver yielded results similar to those
obtained with the etched ones.

into water.

Silvered bulbs.
I II. III.

Percentage of electrolytic gas [ Vessel 1. 19.8 7.5 15.6
it = F 920 352

These bulbs were heated in aniline vapour, at 183°, for two

transformed into water

hours, it having been found that the change takes place at a
considerably lower temperature in contact with a surface of silver,
than in glass vessels.

It has already been noticed, that Mever and Askexasy found
that the devitrification, which probably occurs in consequence of
the action of the heated aqueous vapour on the walls of the
glass vessels, does not always retard the formation of water, as
the older experiments of vax 'r Horr (p. 47) appear to show,
but that the results are completely irregular in this respect also.

Bulb previously heated
to 518° for

Percentage of electrolytic gas New bulb 22 24 26 28 hours.
transformed into water at 518° 24.81 21.829.3 78.7 37.4

c. Iffect of the nature of the walls of the vessel on the
decomposition of gaseous phosphine.

In the course of an investigation on the decomposition of
gaseous phosphine at higher temperatures, D. M. Kooy ® has also

1 Totally irvegular results were also obtained in bulbs which had been protected
from light. In one series of experiments the percentage of gas which was changed
into water varied from 11.3 to 82.3.

2 Zeit. phys. Chem. 12, 155, 1893. Inaugural Dissertation, Amsterdam, 1892.

4
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recently observed the effects of the surface of the vessels on
the velocity of the reaction, The experiments were made with
the apparatus represented in figure 14. :

The following table contains the experimental results. (Tem-
perature = 446°).

New vessell.

Time in hours. | Pressure in mm. | Velocity constant.

0 715.21 —

28.17 765.88 0.00236
33.42 773.89 232
38.50 781.59 232
45.33 793.93 238

0ld vessel?

Time in hours. | Pressure in mm. | Velocity constant.
0 706.02 —
29.58 830.35 0.00637
33.58 843.76 637
39.58 861.38 636
44 .58 876.18 641

It must, however, be regarded as being doubtful, whether the
velocity of this reaction is always greater in vessels which
have already been heated.

III. THE NATURE OF THE DISTURBING ACTIONS
IN GASEOUS SYSTEMS.

a. The rate of oxidation of phosphine.

According to the equations which represent the relation between
the concentration of the reacting substances and the velocity of
1 The values of the velocity constant k bhave been calculated by the equation on

p- 3, common logarithms being substituted for those to the base e.
2 This vessel had already been used for a considerable time in similar experiments.
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the reaction, the latter increases when the former increases.

There are, however, a number of facts which seem to show
that the opposite to this is true.

Fourcroy ' found that at the ordinary temperature and normal
pressure, pure oxygen does not act upon phosphorus, whilst air
oxidises it vigorously,

In 1798, vax Marux * observed that a piece of phosphorus
glows much more brightly in diluted air than in air under the
normal pressure, and that the phosphorus even takes fire at low
pressures if it be wrapped in a little cotton wool.

In 1817, Houvron pe Lasmnarpiire® observed, in the course of
an investigation on phosphine, a very remarkable phenomenon,
which Pe described in the following words: —

“Le gaz hydrogéne protophosphoré se distingue du perphos-
phoré en ce qu’il n'a pas la propriété de s’enflammer par le con-
tact de I'air, Il est cependant & remarquer qu’'on peut enflammer
ce gaz dans l'air, & la température ordinaire en le raréfiant.
On s'assure de ce fait en introduisant dans une éprouvette tres-
forte et longue, entourée d'un grillage de fil de fer pour éviter
les morceaux si le vase venait a casser, de l'air ou de l'oxigéne
et de I'hydrogéne protophosphoré, en maintenant le mercure dans
I'éprouvette au niveau du mercure extérieur; alors, en élevant
I'éprouvette de maniére que le mercure de l'éprouvette soit a
deux décimetres environ au-dessus du mercure du bain lorsqu’on
opere a 20° C, il se produit tout-a-coup une détonnation dans
I'éprouvette.”

This experiment appears to have received no special attention.
Dumas * repeated it and showed that the presence of an excess of
phosphine is necessary for the success of the experiment. (2 vols.
PH; to 1 vol. 0,.) Davy® appears also to have noticed something
similar.

He says: — “I found that phosphuretted hydrogen produced

1 Memoires de I’acad. des Sciences, 1788.

2 Verhandelingen uitgegeven door Teylers Genootschap. 10, 1798.

3 Ann. Chim. Phys. (2) 6, 304, 1817.

4 Ann. Chim. Phys. (2), 81, 119, 124, 1829. See also Rosg, Poce. Ann. 24,
127. 1832.

5

Phil. Trans. 1817, 49.
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a flash of light when admitted into the best vacuum, that could
be made by an excellent pump of Nairn’s construction.”

To these facts the following similar ones may be added.

Arsenic, and sulphur begin to oxidise, according to JousErtr',
only when the oxygen is sufficiently dilute.

FriepeL and Lavessure ® found that silicon hydride behaves in
a similar way, and according to Berruevor, nickel
carbonyl does so also.

Rewcrer and Jorissex ®, however, found that the
last named substance is still spontaneously inflamm-
able in oxygen under a pressure of 13 atmospheres.

Further, according to ENeerMany®, oxygen appears
to have a more stimulating action on certain low
organisms when its pressure is decreased.

Laprnarpikre’s experiment was repeated with the
apparatus shown in the accompanying diagram (fig. 17).

The tap C being closed, the tube is filled with
mercury, the mixture of phosphine and oxygen intro-
duced, and the opening, F, closed with a cork. D
is then put in communication with the air pump,
and the tap, O, opened. The volume of the mixture
of gases increases, and an explosion takes place.

The observation of Lapmwrarprére having been con-
firmed in this way, the conditions under which the
phenomenon occurs were more carefully investigated.

The investigation could not however be begun,
until a special cause of the inflammation of the mixture
of phosphine and oxygen, had been discovered and eliminated.

It was found that this inflammation may be caused by move-
ments of the mercury which is in contact with the gaseous
mixture.

The following experiment shows that the mixture is so sensitive

Thése sur la Phosphorescence du Phosphore, 1874, Paris.
Ann, Chim. Phys. (4), 23, 430, 1871,

Maandblad voor Natuurwetenschappen, 1894, No. 1.
Botanische Zeitung, 1882, p. 320.

N R
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to such movements, that the use of mercury is attended with
great difficulties.

The apparatus shown in figure 18 being initially full of
mercury, a mixture of 2 vols. of phosphine and 5
vols. of air is brought into it through A, which is
then closed; mercury is then pumped out through
C and E, as in the previous experiment, so that the
mixed gases are expanded until they fill the whole
apparatus. (75 vols.)

The taps C and B are now closed, the dilute gas
filling the two separate divisions B and D, in one of
which a globule of mercury has been left  Combustion
is now produced by the slightest shock in the division
containing the globule of mercury. The |
reason of this may possibly be found in
local dilutions of the gas, produced by
the mobile mercury. (See the explanation
given below.)

In order to avoid this cause of com-
bustion, the mercury was replaced by a
viscid solution of calcium chloride in
most of the experiments which follow.

Using the apparatus in figure 17,

Fie. 15, 1t was proved that the explosion is not

produced by expansion alone. No change
is produced by a sudden, and much more considerable
expansion than that which gave rise to the ex-
plosion in the former experiments; the gaseous mix-

ture may be preserved in this dilute condition without
undergoing any change whatever; the explosion

is produced, however, by the diminution of volume
which takes place when the tap is opened, after D Fig. 19.
has been brought below the surface of the caleium chloride solution.

Investigation of the rate of oxidation of phosphine near the
explosive limit.

Having cleared up the nature of the reactions which occur in the



54 DISTURBING ACTIONS: IN GASEOUS SYSTEMS.

slow oxidation of phosphine, J. D. vay pE Stapr' made a careful
study of the rate of oxidation. .

For this purpose he used the apparatus represented in figure 19.
M serves as a manometer; the apparatus having been completely
filled with mercury, with the help of an air pump, the gases
are admitted through g, mercury flowing out through h; the
volume of the gas is obtained by weighing the latter. The
pressure was read with a cathetometer, and the gas was in
contact with calcium chloride solution.

First series of exwperiments. After filling the apparatus, it was
heated to 50° in a water bath, for periods of one hour; at the
end of each period the pressure was diminished by about 100 mm.
by running mercury out through h.

No. 1. 2.64 cc. PH; and 1.55 ce. O,.
Diminution */-age of th
Initial pressure. | Final pressure. ; ./°.a°e i 2
per hour. |initial pressure.
649 mm. 640 mm. 9 mm. 1.4
Hgu BA46 R e [
463 , 595l g 0.9
On further dilution the explosion occurs.
No. 2. 2.46 cc. PH; and 2.54 cc. O,
589.4 mm. 588.0 mm. 105 0.24
St SO 1.4 0.26
N 418.4 ,, 1.2 0.28
No. 3. 2.65 cec. PH; and 1.58 cc. O,.
623 mm. 612 mm. 11 mm. 1.8
521 , HI)Seas Tl 2.1
446 ,, 3G e 1.6
364 , Explosionat50°,

1 Zeit. Phys. Chem. 12, 322, 1893, See also p. 20.

2 Duration of this experiment = 2 hours.
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It follows from these data,

1. That temperature, pressure, and quantity remaining approxi-
mately the same, the velocity of change varies considerably; viz.
from 0.2 in No. 2 to 2.0 in No. 3.

2. That the explosion is not preceded by any well marked
acceleration of the reaction, but that large velocities may occur
without any explosion (No. 3), while small ones may be followed
by an explosion. (No. 1).

Second series of experiments. In the experiments No. 1 and
No. 3, the explosion took place during an operation, — in No.
1 on diluting, and in No. 3 while bringing the apparatus into
the water bath; in order to avoid these external influences com-
pletely, the artificial decrease of the pressure at the end of each
hour was abandoned, and the apparatus simply left to itself at
50° so as to bring about spontaneous inflammation if possible.

Some calcium chloride solution was again added, as in the
first series. All the pressures given relate to the temperature
50°, at which they were measured.

No. 4. 1.99 cc. PH;, and 1.03 ce. O,

P i Decrease of | °/,-age of the
Time in hours. |Pressure at 50°, o
pressure p. hour.| initial pressure.
0 763 mm. — —
1 739 24 3.2
2 716.5 22.5 3.0
3 694.5 22 3.1
4 671 23 3.3
5 643.5 27.5 4.1
The explosion took place some minutes later. |
No. 5. 2.14 cc. PH; and 1.12 ce. O,.
0 765 mm. == -
2 757 4 0.5
8 737 3.3 0.5
12 724 3.2 0.5
21 696.5 e 0.4
25 685.5 Lie! 0.4
31 665 3.4 0.5
34 655 3D 0.5

The explosion occurred.
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No. 6. 1.44 cc. PH; and 1.48 ce. O,.

. : Decrease of | °/,-age of the
Time in hours. | Pressure at 50°. YHE)

pressure of hour.| initial pressure.

0 708.5 i =N

2 705 1.8 0.2

6 696 213 0.3

15 675 23 0.3

19 664.5 2.6 0.4

25 648 2.8 0.4

31 633 256 0.4

36 621 2.4 04

42 606 D5 \ 0.4

: l
The explosion took place after several hours. |

The result is the same as in the first series; unexpectedly
large variations in the velocity are found, — on the one hand
4.0 in No. 4, on the other, 0.4 in No. 6. The ezl(plosion is not
preceded by any noticeable acceleration; it may occur when the
velocity is small (for example, 0.4 in No. 6) or it may not occur
when the velocity is large, (for example, 3.0 in No. 4).

It may therefore be regarded as proved, that although dilution
causes the explosion, yet the latter is not the culmination of an
acceleration of the reaction produced by the dilution. The
dilution seems rather to act in such a way that suddenly
something new comes into play; this conclusion is in accordance
with the results obtained by Ikepa' in the oxidation of phophorus,
which have been confirmed by Ewax. * Both found that within
certain limits of pressure the process is quite normal, its velo-
city being proportional to the pressure of the oxygen.

Regarding the limiting pressure at which explosion occurs,
two cases must be distinguished according as we are dealing
with dry, or with moist mixtures of gases.

1. The explosive limit for dried mixtures.
There is, in this case, an upper limiting pressure of oxygen
above which the explosion does not occur.

1 Journ. Coll. Science. Imp. Univ. Japan, VI, 43. 1893.
2 Zeit. phys. Chem., 16, 315, \1895.
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The determination of this limit is, as vax pe Srapr found,
extremely difficult, if the gases be completely dried.

The phosphine usually burns when it comes in contact with
the oxygen, with a visible flame, or formation of a dense cloud,
complete combustion taking place.

At the ordinary temperature, a definite result could only be
obtained in a few experiments. :

The observations were made in a thick walled tube closed at
both ends by taps. This was first filled with mercury, after
which the gases were introduced through the upper tap, the
mercury displaced through the lower one being weighed in order
to measure the volume of the gases. After closing the upper:
tap and mixing the gases, they were caused to expand by allow-
ing mercury to flow from the lower tap into a vacuous space;
this was done very slowly and without shaking, (compare page 53),
for which purpose the lower tube was drawn out to a capillary.

Only one of the many experiments in which the gases were
dried over phosphorus pentoxide was successful.

2.09 cc. Oy; 0.51 cc. PH; Volume at the explosion 21.9 ce.

3 = 0.1 atmosphere. (10°)

.0
Pressure of oxygen 51,9

After drying over soda-lime the following experiment was
successfully carried out without any cloud heing formed.

0.54 cc. Oy; 0.95 cc. PHy; Volume at the explosion 5 ce.

Pressure of the oxygen 4 = (.11 atmosphere.

The upper limit of pressure was also found to be 0.1 atmo.
after drying over crystallised glycerine.

A lower limit of pressure does not exist in the case of dry
gases. The explosion always occurs when working with dry
gases, even at the greatest dilution.

2. The explosive limit with moist gases.

Vax 't Horr determined the volume at which a mixture of 1
cc. of phosphine, and 0.5 ce. of oxygen explodes, by means of



58 DISTURBING ACTIONS IN GASEOUS SYSTEMS.

the apparatus shown in figure 18. The mercury was covered by
a layer of calcium chloride solution. ‘

The explosion was produced sometimes by expansion, some-
times by compression following on a sudden expansion, (com-
pare p 53.) The volume of the gas at the moment at which the
explosion took place, was measured on the scale on the tube A ;
the reddish-brown deposit which covers the walls of the tube
after the explosion, facilitates the reading considerably.

The following table contains the values of the volumes, (in cc.)
occupied by 1—5 cc. of the mixture at the time of the explosion;
the corresponding pressures of the oxygen are also given.

Expansion. Compression.
Volume of the| Pressure of [ Volume of the | Pressure of

mixture. oxygen in atmos. mixture. oxygeninatmos.

3.5 ec. 0.14 Geosice: 0.05

Ly S 0.1 GelS ey 0.07

15300 0.068 S ON: = 0.13

BEN7EES 0.04 S8 S 0.06

—_ — OOy 0.05

— — SRlemns 0.09

- — S 0.15

e — 516 0.09

With moist gases, there are therefore, two limits to the oxygen
pressures at which the explosion takes place; an upper one,
which as the table shows, lies between 0.04 and 0.14 atm. in
these experiments, and a lower one, which varies between 0.05
and 0.15 atm. To what is this lower limit, which as we have
already seen does not exist when the gases are dry, to be ascribed?

Special experiments were made by vax pE Stapr on this point,
which showed that moisture retards the reaction. Since the gas-
eous mixture was preserved over an aqueous solution of calcium
chloride, the proportion of aqueous vapour in it must obviously
increase when it is expanded, and its retarding influence, therefore
become more pronounced, thus giving rise to a lower limit.
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The fact that traces of aqueous vapour completely stop the
change at great dilutions, is of some interest, since the expe-
riments of Dixon, Baker, and others have shown that the presence
of water is absolutely necessary in many reactions. '

If the PH; had been dried over phosphorus pentoxide, soda-
lime, or crystallised glycerine, it frequently took fire spontaneously
in the air, as if it were P,H,. This fact explains the curious
behaviour of mixtures of phosphine and oxygen, which, as Rose *
and vax 't Horr observed, often explode only after standing for
some days.

Vax 't Horr brought together 130 cc. of phosphine and 8 ce.
of oxygen and noticed, that as the diffusion progressed, a cloud
was formed, this being followed, on one occasion after two
hours, on another after 20 hours, by an explosion.

If the oxygen be replaced by air the same phenomenon occurs
as soon as the oxygen has reached the necessary pressure.
15.5 cc. of air and 49 cc. of phosphine being mixed, for example,
the explosion did not occur until 30 hours had elapsed.

As soon as the hygroscopic substances H PO, and H;PO;%,
which are formed at first by the slow oxidation, have taken up the
moisture present, and thus dried the gases, the explosion takes place.

The table on the preceding page shows that when two limits
of pressure exist, they lie close together.

The upper limit of pressure has been accurately determined by
vaN 't Horr at the ordinary temperature,
and by vavy pE Stapr at 50°.

Vax 't Horr used the apparatus shown H “h
in figure 17. By means of the pipette,
(fig. 20), the gases were brought into the

apparatus in measured quantities.

The pipette was filled with mercury and
connected to the oxygen gasholder, the
tubes by which the connection was made
having first been freéd from air by filling

1 See p. 33.
2 Poas. Ann. 24, 158, 1832,
3 Sce p. 20.
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them with mercury. The taps F and H were then opened so
as to fill the pipette with gas up to a mark near G, which is
not shown in the figure. The taps were then closed, and the
pipette, containing 0.5 cc. oxygen between F and G, disconnected.
The tube between E and F was then filled with mercury, and F
brought into the lateral opening of the explosion apparatus A,
which had previously been filled with a viscid solution of calcium
chloride.

The phosphine was introduced in the same way, after which the
expansion was brought about in the manner described previously.
(page 52).

In this way, mixtures containing 0.5 cc. oxygen and varying
quantities of phosphine were examined. The following table
contains the results obtained.

PH 0 Volume at Explosion pressure in atmo-

= 2 which spheres of the
cc. cc. the mixture

exploded. PHs. 0O,.

0.5 0.5 5 (1 0.1
1 0.5 3.3—11.7 GRS 0.096
1.5 0.5 4 — 8.5 0.28 0.092
2 0.5.| 4.3— 7 0.38 0.095
2.5 0.5 5 -- 9.8 0.38 0.075
3 0.5 9.5—14 (B 27 0.045
3.9 0.5 6.2—14 0.41 0.059
6 0.5 9.6 0.62 0.052

While, therefore, the ratio of the quantity of phosphine to
that of oxygen increases from 1 to 12, and the pressure of the
phosphine at the moment of the explosion increases with the
quantity of it, the pressure of the oxygen remains approximately
'/, atmosphere .

Vax pE Stapr found, that also at 50° the upper explosive
limit corresponds to a definite pressure of the oxygen, which

1 It is to be noticed that the same limit was obtained with dry mixtuves at the
ordinary temperature (p. 57).
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however, is at this temperature considerably higher, viz. 180 mm.
approximately. This result is analogous to that obtained by
Joveert, who found that the pressure above which phosphorus
ceases to be luminous in oxygen gas, rises with rising temperature.

If the gases are saturated with moisture, and at the ordinary
temperature, the limiting pressure is depressed somewhat, owing
to the presence of the water vapour, (as it is also by increasing

the  quantity of the phosphine, see the foregoing table). The
following table shows the effect of moisture.
Final
ec O, | cc. PH,. S A Pressure of oxygen.| Temp.
1.16 3 H R 0.065 14°
0.9 2.05 18.1 0.069 12
1.02 2.1 12.6 I 0.071 14°
1.01 1.9 13.9 : 0.088 11°

b. The rate of oxidation of Phosphorus, Sulphur, and Aldehyde.

I. Purosrrorus.

The slow oxidation of phosphine having been found to be
unsuitable for the study of the connexion between the velocity
of the change and the concentration of the oxygen, owing to
the explosion which occurs preventing further measurements,
phosphorus, sulphur, and aldehyde were studied from this point
of view by T. Ewax.'

1. Phosphorus in moist oxygen.

a. Rate of oxidation in air.

This had already been studied by Ikepa®. Ewax first repeated
some of the experiments described by Ikepa. The apparatus used
consisted of a bottle of 1ljs to 2 liters capacity with two necks,
into “one of which a test-tube was fitted by means of a cork,
while the other communicated with a manometer. The test tube
reached to about the middle of the bottle, and its lower, closed
end was surrounded by a cylinder of phosphorus, which was kept

L Zeit. phys. Chem. 16, 315, 1895. Phil. Mag. (5). 38, 505, 1894.
2 See p. 56. h
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cool by a current of water of the same temperature as the
water bath in which the apparatus stood. The experiments were
made as follows: — The bottle, containing air, and a little
water, was placed in the thermostat, connected with the mano-
meter, and allowed to stand until it had assumed the tempera-
ture of the bath.

The phosphorus was then quickly placed in position in the
apparatus, and the pressure noted. The readings of the pressure
were then repeated at suitable intervals of time. Since the
phosphorus is very little acted on during an experiment, the
area of its surface may be regarded as remaining unchanged.

The numbers which were obtained are given in the following
table. In it, k; is the velocity constant of the oxidation, cal-
culated from the expression

which on integration becomes,

1
¥ T log % ........ )
where p; is the partial pressure of the oxygen initially,

Pt 5 o i i s A ,,  after partial oxi-

dation of the phosphorus,
and t is the time.

The values of k; which were obtained increase slightly, show-
ing that the rate of oxidation of phosphorus in moist air
decreases somewhat more slowly than the partial pressure of the
oxygen. Ikepa had also drawn this conclusion from his experi-
ments,

Phosphorus in moist air.

Temperature . . . . . . . . = 20°.2 — 20°.4
Pressure of the aqueous vapour = 17.8 mm.
o ,» phosphorus ,, =" - 05118 mi

1 Jousgrt, These, 1874. (cf. p. 52).
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. A Partial pressure
'Ijlme in Pressure. of the oxygen. B oy
minutes t. 18
p-
0 TS0 15{7%8 —_ —
25 750.6 e 0.00267 42.0
50 729.7 114.0 0.00282 43.1
75 714.3 99.0 _ | 0.00271 40.1
100 697.4 82.1 0.00284 42.3
130 682.2 66.9 0.00286 42.1

Since the values of k; are calculated on the assumption that
the velocity of oxidation is proportional to the oxygen pressure,
the fact that they increase shows, that at smaller pressures, the
reaction takes place somewhat faster than this assumption leads
us to expect. The reason of this, is perhaps to be found in
the fact that bodies evaporate more quickly into a gas at a
lower pressure, than at a higher one.

The reaction, in the case under consideration, probably takes
place between the vapour of phosphorus and oxygen; it was
therefore natural to assume, that the rate of oxidation would be
proportional to the rate of evaporation of the phosphorus.

The rate at which a liquid of constant temperature and
constant surface area evaporates into a gas depends, according to
SteraN !, on the pressure of the gas, the connexion being

2
Wee="cllog P. s,
In this equation
V is the rate of evaporation,
P is the total pressure of gas and vapour,

p1 is the partial pressure of the vapour,
and ¢ is a constant.

If now, in accordance with the assumption made above,

dp . : : =
2 21_13 in equation (1) be taken to be also proportional to V,

we obtain,

1 Sitzungsber. Wiener Akad. der Wissenschaften, 68, 385 1873.
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This equation states, that the rate of oxidation of phosphorus
is not only proportional to the pressure of the oxygen, but also
to the rate of evaporation of the phosphorus.

In order to calculate the values of k, equation (2) must be
integrated.

If o be the sum of the partial pressures of the nitrogen and
aqueous vapour in the mixture of gases, and therefore a constant
quantity, we have p = P — a. Substituting this value in (2),
and developing the logarithm in a series, we obtain

R e, dP P 1 1 ps 12%ps :I

P |y o8 5 02 MR AR P

Integrating between the limits P; and Py, and neglecting small
terms ', this gives, '

1 P,—P 1 P;—a a 1
ARES P S WE T TR
Ty +t log S g 5 (2a)

The values of k in the table on page 63 are calculated by
means of this equation; they are more nearly constant than the
B values of k; ; we may there-

—(— fore conclude, that the rate

of oxidation of phosphorus
in moist air is really pro-
portional to the pressure of

j P the oxygen.

This, however, can only
2 be true within certain lim-

its, for it is well known that
oxidation of phosphorus
does not take place in
Fig. 21. oxygen at higher pressures.

A

b. Rate of oxidation at higher pressures.

By means of the apparatus shown in the accompanying drawing,

1 With phosphorus p; is small compaved to a at the ordinary tempetature.
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measurements were now made at all pressures at which the
oxidation occurs.

The glass vessel EPA, the volume of which was 50--70 cc.,
communicates, by means of capillary tubes of 0.5 mm. internal
diameter, with the tap B and with a manometer at D. The
junction at C was made, either by a ground glass joint luted
with mercury, or by a short length of thick-walled indiarubber
tubing.

The manometer was arranged so that the mercury always
stood at the same height in the tube D; the volume of the
apparatus therefore remained constant. A mercury manometer
was usually employed, though in a number of experiments a
brom-naphthalene manometer was substituted for it; the latter
could be read more accurately, and the vapour of the brom-
naphthalene had no effect on the course of the reaction. The
phosphorus was purified by melting it under a weak solution of
potassium bichromate and sulphuric acid, and washing it.

A piece of this phosphorus was brought into the apparatus
through E, melted at P, (in an atmosphere of carbon dioxide,
or in vacuo,) and spread out over the upper surface of the bulb
in as thin a layer as possible, after which it was allowed to
solidify. A little water having been brought into the apparatus
at A, the opening E was sealed up before the blowpipe.

The apparatus, prepared in this way, was placed in a constant
temperature water bath, after which it was evacuated and oxygen
allowed to enter. The latter operations were repeated four or
five times. In doing this it is of importance to keep the phos-
phorus at a sufficiently low temperature, as otherwise it is very
apt to take fire when the oxygen is admitted to the vacuous
apparatus. The inflammation takes place particularly easily when
*the pressure is low and the phosphorus dry. With oxygen which
had been dried over phosphorus pentoxide, it occurred even at
0°, under a pressure of about 1 mm.

The greater part of the experiments were made at 20° '
Two experiments, which were made at 20°, on the limiting

1 See the complete tables given in the Zeit. phys. Chem. 16 p. 321, 1895, or

Phil. Mag, (5), 38, 512, 1894,
5
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