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TABLE 2, Heat of combustion of tetraethoxysilane.
Mass of tetra
ctl\oxy:llanc. WAG, col g <ol HNOp cal | 9cs col qs)s cal AU, cal g*
First serles of combustion experiments
0.686026 5154.4 1019.6 0. 29.0 22.0 —6338
0.77553 8046.0 1247,0 2.4 115.2 - 6333
0.64879 49892 882.9 3.2 11.0 —_ —6344
0.73515 5748.3 1124.8 3.5 81.1 — ~—6327
0.48055 8942.6 896.0 1.3 9.4 — —6357
Meen | —6339110
Second series of combustion experiments
0.63647 4633.5 617.0 1. 25.4 —_ —8344
0.73038 5137.2 577.1 0.9 75.6 — —8345
0.80845 5636.9 595.9 1.2 81.9 — —6353
0.69603 4956.8 559.4 0.7 221 —_ —8349
0.71515 5092.0 611.8 1.0 66.9 — —6357

Mean l ~—6350+£5

The average standard heats of combustion of triethoxy-
silane and tetraethoxysilane obtained from the second
series of combustion experiments are greater than Reu-
ther's values?! by about 3 kcal mole=! and about 5 kcal X
X mole~? respectively.

Reuther's low results! may be explained by the same
factors which we mentioned at the beginning of this paper
and by his failure to carry out a chemical analysis of the
combustion products of the ethoxysilanes and make appro-
priate corrections for the incomplete combustion of carbon
and silicon. Furthermore, Reuther did not have at his
disposal a reliable method for the combustion of organo-
silicon compounds,

The authors thank S, I, Kleshchevnikova for providing
the ethoxysilane specimens, V. N. Kostryukov for his
interest in this work and valuable advice, and E. S. Lazarev
for technical assistance, :

SUMMARY.

1. The standard heats of combustion of tri- and tetra-
-ethoxysilanes have been determined.

2. An improved method for the combustion of organosili-
con compounds with reliable chemical analysis of the
combustion products has been described.
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THE FORMULATION OF BOGOLYUBOV'S
EQUATIONS FOR UNARY FUNCTIONS IN
THE STATISTICAL THEORY OF THE
ELECTRICAL DOUBLE LAYER

R.R.Dogonadze and Yu.A.Chizmadzhev

In the formulation of equations of the statistical theory
of the electrical double layer difficulties of two kinds arise.
The first of these is of strictly statistical origin. Equations
of correlative functions have been formulated? for a system
of particles in an external field. In setting up a theory of
the electrical double layer, it is necessary to consider a
system of charged particles in the vicinity of a metal plane,
but since it is impossible to disregard the effect of the par-
ticles on charge distribution in the metal, the influence of
the metal does not reduce to the usual external field.

In addition, there are difficulties in the formulation of
the electrostatic problem for a system of charged particles
in a “half-space” in the presence of only one metal plane.
It will be shown below that two metal planes (electrodes) at
a distance L must be considered simultaneously, After
formulation of the statistical problem, L may be taken to
the limit L — o,

Distribution Function for Charged Particles Between Two
Metal Planes

Consider a system consisting of ions in solution, sol-
vent, free electrons, and ionic residues of metal elec-
trodes. The surrounding medium and the battery, with
which charge exchange takes place if the potentials of the
plates are fixed, function as a thermostat. It is also pos-
sible to consider the problem with electrodes on open cir-
cuit, bearing a fixed charge. The difference between
these two problems is that in the first case the chemical
potentials of electrons (pe) and in the second their number
(Ne¢) are specified.

Consider the potentiostatic case.
function for the system as a whole is

The distribution

AW = A oxp {(—BlE« + En + Vi — paNy* — Nyt dR (3N, (1)

where E; is the energy of ions in solution, Ey the energy -
of the metal and solvent, Vim the energy of interaction be-
tween them, & and &, are the electrochemical potentials
of electrons in electrodes 1 and 2, N¥ and N¢ represent
the numbers of electrons in the two electrodes, R; are the
coordinates of the ions, and M the coordinates of all the
remaining components of the system. On integrating
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Eqn. (1) with respect to M, we obtain the distribution func-
tion for the ions:
dwg=A 3} R, § exp{—p 1B+ Byt Vo — it —fals' [} dbf =
Nopg _BE,

=AMz, (RyaR,.  (2)
Here Zy(R;) isthe partitionfunction of the system, excluding
ions, which depends on the ionic coordinates Ri. Using the
relation

Fy —}.N.’—ﬁ,ﬂ.’ = kT 0 2y,

we obtain

dwy = AGPEC BN ETE

Here Fy = F{y + Fy e, where only FM,e.lst (the electro-

static part of the free energy) and IVf and ﬁf depend on
R;. Subsequently, all terms which do not depend on R;
will be omitted from normalisation expressions. '

Since E; contains only the electrostatic part of the
energy (for simplicity, short-range interactions are not
considered), it is identical with Fy:

dwq o exp { — BlFu(Re) + Fi(Re) — uly* — BaFyaRy. 3)
Eqn. (3) shows that in this case the free energy of the sys-
tem for fixed R; plays the role of the potential energy.

This constitutes the difference between the present system
and the usual problems with an external field.

Instead of Ny ; = N7 and N7, it is convenient to intro-
duce the charges 7, , = 7, and g, by means of the formula
fa=e [Ny — M4l

where Nf,, represent the number of ionic residues of the
two electrodes, i.e.-

T Wt
N a=Nys—afe

The calculation of the exponent in Eqn. (3) is begun with the
last terms:

il A g == B (N + Fif) — e@u ¢ — 0@aNst - po/ 291 + @) + @191 + P2

The first three terms must be omitted, since they do not
depend on R;. In the solution of the electrostatic problem

it will be shown that q, + ¢, = 0, so that
dw o exp {—BIF (Ri) — qipul} dBs, (4)

where ¢m = ¢, - ¥,

Calculation of UN

Initially we shall calculate F(Ry) for the case in which
the potential is fixed. Consider an electrically neutral
system of charged particles between two metal electrodes;
a specified potential difference ¢, - ¢, = ¢y is maintained
bétween the electrodes. It is known that 2

N
F== -%-qm. -+ %2‘46'(”(; Ry, 00 (5)
1 ,

where @(Ri; R,,... ,N) is the potential at Ry due to the .
electrodes and all the ions except the i-th fon,

The potential ¢(7; Rg) at any point is defined by the
Poisson equation

oo A,‘v-—%"—zcmr—-m) _(8)

1624

with the boundary conditions ¢(x =0) = ¢, and ¢(x = L) =
= ¢,. The electrodes will be assumed to have an infinite
area, so that

o=qo+ ¢ + l’%——?l—-‘t.

where ¢, is the solution of Eqn. (6) for zero boundary con-

ditions. Then
ﬁnll%[v—ad]r—R;]]=$@+¢1+5’i{—£’-z.' (7)
T4n) ‘ .

The charge on the electrodes is

2] &S
9‘"—4%8%'1“—257%""""

Using the expression for ¢, obtained by Krylov?d, it can
be readily shown that

L—
qx°=§‘}(—ﬂt)% - %’Z’izi
g == %'Zcm-

Then
&S 1
01 = T Ou +'1;'me
i - ®
[ ol vl Ml ez
i.e.

g2+ qie=0.
Omitting the constant terms, we obtain

. N
Up==F —a,0, e:.;.gl e4ot — dmoo D) ey, (9)

where 0, = ®u/47L is the charge density which would have
arisen on the electrodes in the absence of electrolyte. It
is more convenient to represent the energy Un by a sum of

interactions in pairs:
wo=§_‘,~mr. Ry),
where ¥; is the potential due to the ¢~th ion at point ¥ under
zero boundary conditions. Then
'60‘ == 2 LA (Rd Rk) + % (AN
hd

where Wi(xi) is the potential at point x; due to the images
of the i-th ion. Eqn. (9) can be rewritten in terms of ¥;

as follows:

Uy :-%— %; e b (R Ry + -%— ; e (#) — 4o Z o, (10)

Here ¥ denotes the potential due to a single positive charge.

It may be shown that in the case where the total charge on
the electrodes is fixed, the energy UN becomes

1
UN-TZ’W( f%ZG‘xi[d-i:i—%Zchﬁ] . (11)

Formulation of the Equations and Boundary Conditions for
Correlative Functions .

The case of fixed potential. Usually Bogo-
lyubov's equations are used in the limiting form (N — o,
V — o, N/V =const). However, in our problem, with
a finite L, it i8 possible to carry out only the following
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[i;mtmg transformations: S — e, N — », N/V = const.

~Inthe case of a specified potential the equation for a unary
: fﬁnetion is

By o, 2 (R R :
%%_ e\ 2 x, +B_‘f‘. Zi:" K;+Bex2v S[—-\b——(—-——i]x‘,ldn =0. (12)

It follows from the derivation of Eqn. (12) that the only
additional condition is the normalisation condition for the
correlative function. Going to the limit L — « directly
in Eqn, (12) is incorrect if only because the only term which
depends on the field disappears and the boundary conditions
at infinity are independent of the field. It may be shown
that, in taking Eqn. (12) to the limit L — e, it is necessary
to specify yet another boundary condition¥ {apart from the
usual condition for the weakening of correlation K(«) = 1],
which depends on ¢y. To illustrate this we shall examine
Eqn. (12), using the zeroth approximation for the Debye
parameteri:

ro/rq = 0.

It is known that in this case the equation reduces to an
integral form:

— Uy (2y) + A — “Z“ =1+¢,S¢°(n. i) p(z)dR =0, (13)
where u,(x,) = -1/BInK,(x) and p = ev(K, - K.). Putting
%, = L/2, we find A, = «,(L/2) + €,$v/2. On substituting

' 4, in Eqn. (13) and putting x, =0, we obtain

— 1 (0) + ua (Lf2) + —gi =0,

1t follows from the condition for the weakening of correla-

tion that #,(L/2) — 0 when L — «, Consequently «,(0) =

= € ¢¥y/2 when L — », For u < kT, the integrodifferen-
tial equation corresponding to Eqn. (13) (when L — «) is
% + 2¢0v3 So.%l- Puy, dl == 0. (1 4)

This equation is homogeneous, Z.e. u is defined to within

an arbitrary multiplier, and at infinity # — 0. Conse-

quently the condition u(«) = 0 does not define the solution.

We may note that the initial equation (13) was inhomogene-

ous and defined a unique solution satisfying the condition

#(0) = epy /2. Hence the required solution may be found

by imposing, for example, the condition #(0) = e@y/2. We

thus conclude that Eqn. (14) must be given another boundary
condition at zero.

Hitherto in discussions of the statistical theory of the
double layer the following equation ®* has been used:
by +m«+;——§ g 4R =0, (15)

where ¢ is understood to be the average density of the
overall charge on the electrode. It is seen from Eqn, (12)

that in actual fact instead of o the equation contains o, =
= @u/4rL, which tends to zero when L — o,

It can'be readily shown that for finite L the solution of
Eqn. (13) is

= ety T ae)
When L — «, this expression can be written thus:
g o I o, )

t As will be shown below, for the limit L — o it is also necess-
ary to transform the integrand in Eqn.(12).
1 As usual, 7 = e¥/kT and 74 = 1/,

It can be easily demonstrated that this well-known solution
for aunary function satisfies the integrodifferential Eqn. (15)
with ¢ = 0.

"Actually, in examining an unbounded system it is not
necessary to solve the problem with a finite L, taking the
limit L — o only inthe final expressionfor u; the limiting
transformation may be carried out directly in Eqn. (12),
which includes terms for the double layer at both elec-
trodes. In order to “break the connection” between the
double layers, we writen the integral term of Eqn. (17)§ as
follows:

L L2 L
4 %) dRt = . ‘e
§4ﬂp( ) § +L5,,
After integration with respect to ¥ and 2, we obtain for
the second integral

L L
S S[z‘+z—£ﬁ-———lﬁ;xl]u(1)dz.
Lis L
When the change of variables x = L ~ x’ is carried out,
- L L

_\ - ——u(r')rl.«, 2 < Lf2.
{]

Combining the result with the first integral, we have

L Lie )
&...:S [il—-z"-i—Lﬂ—z:—x'L—%/%-]u(z)dz.
o . )

We have thus “broken the connection” between the double
layers, since the integral is taken from 0 to L/2. It is now
possible to go to the limit L — » in the integrand since
Lr2

fxu(x)dx is finite. The last term in Eqn. (18) thenbecomes
0

zero. The resulting expression after this limiting trans-
formation has function (17) as a solution, i.e. it describes
a single double layer. Hence in solving the problem with
one boundary at infinity (the “semi-infinite” problem), it

is necessary to set 0, equal to zero in Eqn. (12), modify the
integration limits so that one of them is at infinity, and
identify ¥° with the Green function for the electrostatic
problem with charge ¥y on a single metal plate.

(18)

When L is small, the average charge on the metal is
not equal to the charge of the double layer in solution.
Indeed, it can be readily shown that, when e@/RT < 1,
their difference is

o] Ay % 19

Foul ld""ll I AU Rl w2’ (19)
2 BPu % 20

Gy = 8n Pu* tanhL/2 — T whea L = oo, ( )

The case of a fixed char ge. On substituting
the expression for the energy from Eqn. (11) in the zeroth
approximation for a unary function, we obtain

dinky & 4
poL _ dmed "ﬁ“ Eav Szk(z)dz+

+Ba Eecvc S M’—‘ﬂ-xc (v) dlt = 0.

[N

(1)

This equation differs from Eqn. (12) by the presence of a
third term and the fact that Egn. (21) includes the overall
charge density ¢ = ¢/S instead of 0, as in Eqn. (12). How-
ever, in actual fact Eqns. (21) and (12) are completely

§ For clarity we shall confine ourselves to the case r/rg < 1.

‘

/"
//
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analogous, which can be demonstrated by calculating Py.
On averaging @y, we obtain '

L

4 & ‘ ‘
BeiG _ nzexﬂ_ ::23 cZ"c‘c §3Kc () dz. (22)
Hence Eqn. (21) may be rewritten as follows:
K; 19,
d l;;l [ B’L‘Pu +8a Y ,CVOS%";"KG@)M =0, (23)

Eqn. (23) is now identical with Eqn. (12), but includes Py
instead of ¢y as in Eqn. (12). It is therefore possible to
use Eqn. (16) to establish the relation between ¢y and o:

- 8nstanhxL/2  8ns

Sl o, )
Hence Py remains finite when L — « and the limiting
transformation L - = can be carried out in Eqn. (23) as
before, specifying an appropriate additional boundary con-
dition for the equation.

In conclusion, it should be noted that the problem with a
specified 0 is completely equivalent to the problem with a
specified ¢y, which was discussed in detail above. This
can be shown by means of the exact equation for a unary
function.

The authors thank V. G. Levich for discussing the results
of the present investigation.

SUMMARY

1. A distribution function has been obtained for a system of
charged particles between two planar electrodes at a
distance L. The effective potential energy of this sys-
tem has been found. The cases of a specified potential
and a specified charge have been considered.

Equations have been formulated for unary correlative
functions with finite L. A study has been made of the
limiting transformation L — e, The cases of a
specified potential and a specified charge have again
been considered.
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MISCIBILITY IN THE ISOPROPANOL-
BENZENE-WATER SYSTEM

V.V.Udovenko and T. F. Mazanko

In our previous papers data on the miscibility in metha-
nol-benzene-water® and n-propanol-benzene-water  sys-
tems were given. The present paper deals with the
miscibility in the ternary system isopropanol-benzene—
The miscibility was measured by Alekseev's

water,
method? in the temperature range 20~70°, Isopropanol
had the following physical constants: b.p. 81.4° (p =

= 750 mmHg); d3° = 0.7971; n3® = 1.3749; the physical
constants of benzene were the same as before?2,

EXPERIMENTAL

Five property-temperature curves were obtained with a
constant alcohol : benzene ratio and four with a constant
alcohol: water ratio. The results of the measurements
are presented in Table 1. Miscibility isotherms for 30°,
45°, and 60° were plotted on the basis of the data obtained.
In this system, as in those with methanol and n-propanol,
there is a single heterogeneous region (two liquid layers)
adjacent to the water~benzene side of the triangular dia-
gram.

Miscibility in the isopropanol-benzene-water system
has been studied at 25° by Olsen and Washburn4, Accord-
ing to our data, at 25° the miscibility along the section of
the isotherm adjacent to the isopropanol-benzene side of

TABLE 1. Miscibility in the isopropanol-ben~-
zene~water system.

Benzene, wt. % ¢, °C Water, wte % t, °C
Alcohol s water = 16,50 : 83,50 | Alcohol: banzene = 15.30: 84,70
0.182 18.92 1.255 22,00
u.266 25.18 1.397 34.20
0.442 35.88 1.505 48.13
0.510 45.15 1.609 57.35
0.643 56.00 1.674 68.78
0.738 64.72 Alcohol : benzene = 27,591 72.41
Alcohol s water = 29,51 : 70.49 3.61 19.72
1.3 19.80 3.73 30.70
1.79 28.85 3.83 41,50
2,28 39,86 3.96 50.45
2,85 51,68 4.19 65.37
8.73 69.39 Alcohol t benzene = 45,70 1 54,30
Alcohol s water = 45,79 ¢ 54,21 9.98 19.90
8.29 21.95 10,27 85.10
8,80 27.98 10,89 42,90
9.79 41.00 10,62 50.88
10.23 51,12 10,87 60.41
}2:% g;:% Alcohiol 1 benzene = 60,18 : 39,82
Alcohol t water = 59,501 40,50 ] o
18.31 20,84 19,46 43.78
18,78 30.83 88 54,51
19,28 48,39 20,33 64.75
i9.88 $2:82 | Aloohol : benzene = 74.50125.50
36,70 19,04
37.52 28,25
88,10 31.93
38,99 41.49
39.95 49,80
40,97 63.60



