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ABSTRACT

Electron microscopic and electron diffraction studies have
been carried out on cupric ferrocyanide gels, chosen as a prototype
of an inorganic semi-permeable membrane. It was believed that a
study of the structure and morphology of such membranes, which are
seemingly less complicated than the important organic semi-permeable
membranes surrounding all living cells, will throw light on the
little understood phenomenon of semi-permeability.
It has been found that cupric ferrocyanide gels consist of
loosely and randomly packed primary particles in the size range of
10 to 30 A. The pore space is the interstices between the particles.
The primary particles are crystalline, the electron and x-ray
diffraction patterns corresponding to the standard pattern of
Cu2Fe(CN)g. However, samples prepared and washed very rapidly
exhibit more disorder, and consist of extremely small and imperfect
crystals, or may be essentially amorphous, in the sense that liquid
type diffraction patterns are observed.
Aging under moderate conditions Results in an increase in
crystal size to the range of 30 to 200 A. This observation may
explain why many earlier investigators aged and washed for a long
time the practical cupric ferrocyanide membranes deposited in the
pore space of a parchment thimble or porous clay cup, inasmuch as
the film or membrane composed of large crystals may be stronger,
and thus serves as a better semi-permeable membrane.
In view of the small primary particle size and the small
size of the interstices, it is concluded that among the classical
theories of semi-permeability, the ad&ofiption theory is predominant,
but that solution and size effects play an important role.
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THE FINE STRUCTURE OF CUPRIC FERROCYANIDE
SEMI-PERMEABLE MEMBRANES

I.

INTRODUCTION
Since the phenomenon of osmosis was recognized and utilized in

dialysis and separations, first the separation of colloidal material
from material in true solution and later the selective separation of
ions and molecules in solution, numerous investigations have been made
in the general field of membrane equilibria.

In biochemistry it has

been recognized that all living cells are surrounded by a semi-permeable membrane.

It has become increasingly important that the general

phenomenon of semi-permeability be explained in exact terms.
One of the general difficulties involved in the formulation of
a complete theory of semi-permeability of membranes is an absence of
a complete knowledge of the fine structure of such membranes.

The

work described below has been conducted under the philosophy that
the study of complicated organic semi-permeable membranes, which are
so important in so many fields, would be greatly facilitated by an
examination of the seemingly less complicated inorganic semi-permeable
membranes.

In the work to be described, we have chosen for study the

classical example of the semi-permeable membrane, ^.e.

the membrane

composed of cupric ferrocyanide, C^FeCCN)^, which was examined on a
phenomenological basis by the older classical investigators in this
field.
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SURVEY OF THE LITERATURE ON THE STRUCTURE OF CUPRIC FERROCYANIDE
GELS AND SEMI-PERMEABLE MEMBRANES
A.

Definition of S&ni-PeAmeable Membrane.

A semi-permeable

membrane may be defined as a membrane which has the property of per¬
mitting one constituent of a solution to pass through—ordinarily
water—and does not allow diffusion of one or more of the other con¬
stituents.

The plasma membranes surrounding all living cells are

natural membranes which exhibit this phenomenon.

It was recognized

very early that some of the precipitated gels of colloidal oxides
and colloidal salts form artificial membranes that are semi-permeable
The classical example of an artificial semi-permeable membrane is the
widely used and studied membrane composed of cupric ferrocyanide.
B.

The Olden. TheonieA of Smi-Penmeability.

The first de¬

finitive recognition of the semi-permeability of synthetic inorganic
membranes was the classical work of M. Traube (1), who observed that
a cupric ferrocyanide membrane would allow water to diffuse through
it, but that sugar molecules were restrained from diffusing.
speculated that the membrane amounted to a

Traube

moleculxUi Aleve, and that

it contained holes or pores large enough to allow passage of a water
molecule, but too small to permit diffusion of larger molecules such
as sugar.

This theory appeared to be very reasonable at the time of

its conception.

Even now we are certain that many gels do contain

pores or interstices somewhat larger than the size of ions and mole¬
cules.

The ideas of Traube are still employed in consideration of

the crystalline zeolite materials currently widely employed in
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separation of gases.

However, the Traube molecular sieve theory is

not adequate to explain all of the known facts concerning semi-per¬
meability.

Tammann (2), Walden (3), I. Traube (4), Barlow (5), and

others (6) pointed out that if semi-permeable membranes acted like
simple sieves, one could arrange various membranes in a series in the
order of their permeability.

However, it was observed, on the con¬

trary, that a given membrane could be very impermeable to most sub¬
stances but highly permeable to one or more other substances com¬
posed of larger molecules.

The sieve theory cannot explain the lack

of diffusion of water through latex membranes, through which larger
molecules such as benzene and pyridine diffuse very readily.
What is now designated as the

*oLution theory

was first dis¬

cussed by Liebig (7,8) who said (7) in 1848 that:

"The. volume change* o£ two mi*cible Liquid* that are
*eparated &rom each other by a membrane depend* upon
the unequal wetting oh. attraction which the mmbhane
exert* on the two Liquid*."
Seven years later, L’hermite (9) carried out experiments intended to
throw light on the solution theory.

He placed in a test tube a layer

of water, a thin layer of castor oil, and, finally, a layer of alcohol.
After several days of standing, some of the alcohol had diffused through
the separating layer of castor oil into the bottom water layer.

Lfhermite

decided from this experiment and numerous other similar experiments that
substances passing through a membrane must first dissolve in them.
Kahlenberg (6) reported similar experiments where benzene and pyridine
diffused through rubber, whereas water would not diffuse.

Nernst (10)
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demonstrated that an animal membrane saturated with water was permeable to
ether but not to benzene*

Although the above cited experiments, as well

as many others, strongly suggest the solution theory has some merit,
Hartung (11) pointed out that it is not easy to understand how a liquid
can dissolve in a membrane without some of the membrane being dissolved
in the liquid.

Furthermore, Bigelow (12) and Bartell (13) demonstrated

that osmotic effects can be observed with inert materials, such as a
porous cup, where solution or chemical reaction with the liquid is
unlikely.

Gold or silver powder compressed into discs can exhibit

some semi-permeable action.
Mathieu (14) observed that porous clay plates, certain animal
membranes, parchment paper, and capillary space in tubes were capable
of adsorbing more solvent that solute.
ignated as negative adsorption.

This phenomenon has been des¬

Mathieu said that when membranes or

capillaries are immersed in salt solutions, the liquid in the pore
space will be a very diluted solution, or even in the extreme case of
very fine pores, the space may contain solvent only.

Thus, it appears

reasonable that such membranes will be permeable only to the solvent.
The n&gcutivz acUosiption theory was discussed by Nathansohn (15),
Bancroft (16), and Tinker (17).

The latter (17) found that cupric

ferrocyanide membranes were impermeable to sugar.

The size of the

sugar molecule is not the significant factor, inasmuch as the cupric
ferrocyanide membrane is permeable to molecules larger than the size
of the ferrocyanide ion.

However, ferrocyanide ions are strongly
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adsorbed by cupric ferrocyanide.

Indeed, stable sols are made by

peptization of well-washed cupric ferrocyanide with dilute solu¬
tions of potassium ferrocyanide or hydroferrocyanic acid.

In 1930,

Weiser (18) suggested that the strong negative adsorption of the
solvent might offer an explanation of the lack of diffusion of
ferro-cyanide ions, just as the sugar was prevented from diffusing.
However, he (18) also pointed out that cupric ferrocyanide membranes
are impermeable to potassium or sodium ferrocyanide, and but slightly
permeable to hydroferrocyanic acid.

Weiser (18) decided on the

basis of careful adsorption experiments that the impermeability with
respect to ferrocyanide cannot be attributed to either sieve action
or negative adsorption.

He offered a specialized explanation which

is quoted here:

"the adsorption of ferrocyanide is so strong that the
fixed waits of the pores hold chain* of oriented ferro¬
cyanide molecule* extending from a monomolecular film
on the *urface throughout the pore * olution. The
practically irreversibly adsorbed ferrocyanide i* effi¬
cient to *aturate the pore water with *alt Since the
*olution in the pore* i* *aturated with the ad*orbed
*alt no more ferrocyanide can enter from the *ide of
the membrane in contact with the *olotion and *ince
the adsorption nece**ary to *aturate the pore *olution
i* practically irreversible ferrocyanide will not pas*
into water or *ugar *olution on the opposite side
The
result is that the membrane will be mpenneable to the
solute but not to the solvent

,

,

.

It is evident that Weiser is actually adding support to the
adsorption theory of semi-permeable membranes.

It is clear from the

above survey that it is difficult to make a clean-cut distinction
between the

Sieve, Solution

and

Adsorption Theories.

Doubtless all

of these effects are operating to a greater or lesser degree in
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various types of membranes.

A more through knowledge of the

actual fine structure of membrane materials, such as cupric ferro¬
cyanide, would be most helpful in any future attempt to formulate
a more specific theory of membrane action.

c. WateA Content o£ CupAic VeAAocyavu.de. GeJU.

Precipitated

cupric ferrocyanide gels contain varying amounts of water, depending
upon the conditions of formation and drying.

The adsorptive capacity

of cupric ferrocyanide gel for ferrocyanide ions and water varies
with the water content of the gel.

For example, Tinker (17) dried

a sample of cupric ferrocyanide gel in four ways, and then determined
the amount of water adsorbed by each, by noting in a polarimeter the
apparent change in the concentration of sucrose solutions in contact
with 100 grams of the dried gel.

Some of the results of Tinker are

given in the following table:
water adsorbed per gram
of C^FeCClOg (dry basis)
%

Cone, of Sugar Solution, %

Condition of Drying

Water

5

air-dried at room
temperature

31.4

-

air-dried at 80°
for 3 hours

13.8

dried over cone,
sulfuric acid

6.9

dried in oven at
elevated temper¬
ature (assumed to
be completely dry)

0.0

0*27

-

10

20

40

60

0.245

0.201

0.200

0.140

0.227

0.225

0.222

0.209

0.239

-

0.180

0.147

0.182

0.150

0.134

0.132
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It will be noted that some of the adsorptive capacity of the
cupric ferrocyanide gel is destroyed by excessive drying.

It should

be pointed out that the decrease in adsorptive capacity cannot be
attributed entirely to loss of water from the gel, for there will
also occur an increase in crystal size, resulting in a loss of
surface area.

However, the results of Tinker definitely establish

that the conditions of drying and aging play an important role.
The actual condition of water in cupric ferrocyanide gels
has been the subject of numerous investigations.

Numerous early

investigators assumed that all of the water present in a given gel
(prepared and dried under specific conditions) comprised a definite
hydrate.

Some of these results are given in the following table:
Investigator
Wybrouboff (19)

H20/Cu2Fe(CN)6

10

Rammelsberg (20)

7

Wybrouboff (19)

6

Tinker (17)

3

Hartung (11)

3

However, Lowenstein (21) observed a continuous loss of water
from a cupric ferrocyanide gel dried over varying concentrations
of sulfuric acid.

Hartung (11) obtained a partial isotherm, employ¬

ing the classical method of van Bemmelen (22), but was concerned
because air in the apparatus delayed the attainment of equilibrium.
The incomplete isotherms of Hartung were not sufficient to establish
the existence of a definite hydrate, as he has aware.

Weiser,

8
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Milligan, and Bates (23) obtained continuous isotherms for the
adsorption of water on cupric ferrocyanide gels, and concluded that
definite hydrates were not formed.

Keggin and Miles (24) considered

it possible that water molecules were present in definite positions
in the unit cell of cupric ferrocyanide, but Rigamonti (25) did not
find such an assumption necessary to explain his x-ray diffraction
results.

Furthermore, Van Bever (26) believed that similar heavy-

metal ferricyanides required two or three water molecules per mole
of ferricyanide, the results being based on his crystal structure
studies.
However, the primary particles comprising the cupric
ferricyanide gel are known (v-ide.

-Ln&fia.) to be extremely minute, and

hence possess a large surface area.

It is manifest that such a gel

(like other such inorganic gels) will adsorb large amounts of water,
and any determination of definite hydrates based on the total water
content must be in error.
D.

X-Ra.y

VZ^fmctcon StucLLeA,

Even though all investigators

agree that cupric ferrocyanide gels must consist of extremely fine
primary particles, and that at least after moderate aging the
particles exhibit broad x-ray diffraction lines, there is a broad
disagreement concerning the questions of (a) whether or not the
freshly precipitated (minimum of aging) gel may tend to be
"amorphous" (-i.Z. exhibit an x-ray diffraction pattern more like
that from a liquid as compared with a definitely crystalline solid)

-9and (b) whether or not at least some water molecules occupy definite
positions within the unit cell.
Weiser, Milligan and Bates (27), found that cupric ferrocyanide precipitated in the presence of excess cupric ions is
reasonably pure Cu2Fe(CN)g, free from possible double salts, and
gives a distinctive x-ray diffraction pattern.

The gel formed in

the presence of excess alkali ferrocyanide yields an identical
x-ray diffraction pattern, even when it contains as much as 0.3 to
0.4 mole of K^Fe(CN)^ per mole of Cu2Fe(CN)g.

X-ray diffraction

patterns for the moist, undried gel are identical with those of the
air-dried powder.
In a later paper, Weiser, Milligan and Bates (28) found that
the x-ray diffraction pattern of cupric ferrocyanide exhibited a
marked similarity to certain other heavy metal ferrocyanides and
ferricyanides with respect to intensities and interplanar spacings.
It was concluded that the following compounds form an isomorphous
series, the lattice constant varying in a regular manner:
Ti4[Fe(CN)6]3

Sc4[Fe(CN)6]3

Ti[Fe(CN)6]

Zn3[Fe(CN)6]2

In[Fe(CN)6]

Cd3[Fe(CN)6]2

Prussian-Blue

Cu3[Fe(CN)6]2

Turnbull's Blue

Cu2[Fe(CN)6]

Al4[Fe(CN)6]3
This isomorphous series of compounds possesses face-centered cubic
symmetry, and the results agree, in general, with the observations
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of Keggin and Miles (25) for various iron-cyanide compounds, with
the results of Rigamonti (25) for certain ferrocyanides, and those
of Van Bever (27) for certain ferricyanides.

Van Bever (27) placed

water molecules in the 8(c) positions in the unit cell, and hence
found it necessary to distribute some of the metal ions within the
32(f) positions.

However, Weiser, Milligan and Bates (28) did not

find it necessary to place water molecules in definite position
within the unit cell, and located from 0 to 4 cations within the
8(c) positions.

The available x-ray data does not require the

presence of water molecules in definite positions within the unit
cell and such results are consistent with the characteristic water
isotherms for cupric ferrocyanide gels.
E.

El&ctAon V-ififiAaction Stu.cU.Z6.

In 1937, Fordham and

Tyson (29) for the first time demonstrated by electron diffraction
studies that cupric ferrocyanide membranes may be crystalline.
O

They reported crystal sizes in the range of 100 to 200 A.

Fordham

and Tyson concluded that any correlation between permeability and
pore size as obtained by the usual microscopic methods is fortuitous.
Weiser, Milligan, and Bates (23) found that this pattern agreed with
their x-ray diffraction patterns of the moist, undried gel and the
air-dry powder, as well as with their electron diffraction patterns.
From the close agreement of the x-ray patterns (for the moist gel
and air-dried powder) and electron diffraction patterns [obtained
in a vacuum where essentially all of the water is lost (C|(, 6upAa)],
it is not likely that the gel is a definite hydrate.

11-
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Information concerning the structure and morphology of
cupric ferrocyanide gels from electron microscopic studies is
very scanty or non-existant.
III.

PURPOSE OF THE PRESENT INVESTIGATION
The above survey of the literature suggests that cupric

ferrocyanide gels act

as a semi-permeable membrane on the basis

of their adsorption properties,

negative, ad&oaption (-t.e.

adsorption of the solvent) playing an important role.

positive

The available

evidence suggests that the gel does not contain definite water of
hydration, and that the water content is present as adsorbed water
on the surface of the finely-divided primary particles, or possibly
some water could be present in channels such as exist in zeolites
or "molecular sieves".
From x-ray and electron diffraction studies, it is clear
that the freshly precipitated gel is very poorly crystalline, but
that aging results in crystal growth.

The bulk of the available

pore space consists of the interstices between the primary particles.
It is the purpose of the present investigation to make a
preliminary study of the study of the structure and morphology of
cupric ferrocyanide gels, employing electron microscopic methods.
It is hoped that a more detailed knowledge of such structure
and morphology of the precipitated gel will be closely enough
similar to that of the gel membranes deposited in the larger pores
of supporting material such as porous cups, filter paper, etc.,
presently inaccessible to direct study.

It is further considered
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that a more comprehensive knowledge of the structure and morphology
of the seemingly less complicated cupric ferrocyanlde gels and
membranes, will be fruitful in future studies on more complicated
semi-permeable membranes of interest in many divergent fields.
IV.

EXPERIMENTAL
A.

VfizpaAcution

SampteA,

Samples of cupric ferrocyanlde

were prepared by two general methods.

In the first method (I) the

gel was formed by precipitation in a rapid mixing device previously
described (30).

Ten ml. of 0.01 M cupric chloride solution was

placed in the outer compartment of the mixing device, and varying
amounts of 0.01 M potassium ferrocyanlde solution was placed in the
inner compartment.

The solutions were freshly prepared from re-

crystalized reagent grade chemicals.

It was necessary to use freshly

prepared solutions of the ferrocyanlde kept in amber bottles to
avoid decomposition by light and oxidation to form traces of
colloidal Prussian-Blue.

Further, we have found bacteria in ferro-

cyanide solutions that had stood at room temperature for several
days.

To avoid any possibility of such contamination the fresh

solution was stored, when necessary, just above the freezing point
of the solution.

After precipitation, the resulting gel was washed

ten times in a centrifuge, usually about an hour being required for
the washing procedure.

Cupric ferrocyanlde gels peptize readily

in the presence of a slight excess of ferrocyanide ions (30), and
the amount of reagents were adjusted so as to keep a very slight
excess of cupric ions, in most of the preparations.

A few samples
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were prepared employing a slight excess of ferrocyanide, despite
the difficulty of centrifugal washing.

In the second method (II),

the precipitated gel was formed directly on a carbon membrane by
adding drops of reagents from a micro pipet.

Washing was conducted

on the carbon membrane mounted on its copper grid by successive
drops of distilled water, the supernatant liquid being removed
with a small strip of filter paper.

After air-drying, the samples

were ready for electron microscopy.
B.

EZe.cXA.on

pared by method I

HieAOACOpy.

Washed but not dried samples pre¬

(vide 6UpAa) were diluted with distilled water to

a concentration of about 5 ml of suspension per liter, and a drop
of the dilute suspension was allowed to dry on collodion or carbon
membranes supported on Athene copper grids.
method II

(vide AupAa.)

Samples according to

were in a form ready for examination.

Electron

micrographs were taken in a Siemen's "Elmiskop I", at 100 KV with a
magnification of 80,000 or 160,000 diameters on the negative.
A few samples were examined by methods designed to eliminate
difficulties with possible structure or phase contrast effects in
the supporting membranes of collodion or carbon.

In one series of

experiments, several successive drops of a dilute suspension were
allowed to evaporate on a copper grid previously exposed to zinc
oxide smoke.

It was found possible to find occasionally an area

of cupric ferrocyanide membrane formed at the intersection of zinc
oxide needles.

However, because the zinc oxide needles project in

3-dimensions, focusing is difficult and this method is of limited

-14value.

More success came from the employment of "holey" carbon
©

membranes containing some holes around 200 to 500 A in diameter.
Here, it was possible to locate areas where the cupric ferrocyanide
membrane webbed over the holes in the carbon membrane.

It was

necessary to use a special "cold finger" type of sample holder, so
that the specimen could be cooled by liquid nitrogen to a tempera¬
ture sufficiently low to markedly decrease the rate of carbon de¬
position on the sample being examined.

It would be pointless to

examine example areas free of supporting membranes if a layer of
carbon from oil vapor in the microscope formed on it.

The only

difficulty encountered with the cold stage sample holder was the
more limited field of view; however, it is necessary to avoid
moisture in the microscope by exercising special care in the pre¬
drying of the photographic plates.
In many instances a small amount of gold sol was added to
the cupric ferrocyanide gel as a focusing aid.

The gold sol was

prepared by reduction of very dilute potassium chloraurate solution
with dilute citric acid at 100° C.

The size of the gold particles

o

was usually around 300 A, and was adjusted by the time of heating
during the reduction.
C.

EtdcX/ion dL^fiaction.

Samples for electron diffraction

were prepared as described in the preceding paragraph, except that
the amount of sample per unit area was increased.

The electron

diffraction patterns were taken with an accelerating potential of
100,000 volts, in most cases.
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V.

RESULTS AND CONCLUSIONS

A.

EZec&ion MecAO&c.opy.

Samples of cupric ferrocyanide gel

prepared by precipitation and washing on a carbon membrane (Method II)
consist of very small particles, especially if the time of aging is
kept small by conducting the washing procedure as rapidly as possi¬
ble.

Figure 1 illustrates a typical example at a magnification of

320,000 diameters.

It is apparent that the sample dried on the

membrane to form irregular aggregates composed of numerous extremely
small primary particles.

The primary particles are in the range of

O

10 to 30 A.

In Figure 2 for a similar sample the primary particles
O

are in the range of 10 to 20 A.

Focusing is very difficult when

such small particles are being examined.

Figures 1 and 2 represent

the negatives in best focus from a long focal series.

In the

sequence of the focusing series, the particles become sharp at the
best point, whereas the carbon membrane background reverses its
appearance markedly.

In order to overcome some of the focusing

difficulties, colloidal gold particles were added to the cupric
ferrocyanide gel illustrated in Figure 3.

The colloidal gold parti-

O

cles are in the range of 300 to 400 A in diameter*

In Figure 3#

the cupric ferrocyanide particles are more well dispersed and are
distributed more uniformly on the carbon membrane*

This sample was

prepared very rapidly; less than 30 minutes elapsed during the time
required for precipitation and washing*

The diameters of the cupric
o

ferrocyanide primary particles are in the range of 10 to 15 A.
will be noted that the single colloidal gold particle

It

in the photo-
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graph is well enough resolved to show departures from a spherical
shape,

l.d.

crystal edges are discernable.

In Figure 4 (magnification 640,000 diameters), the sample
likewise was washed and dried within a period of 30 minutes, and
o

the size of the primary particles is in the range of 10 to 15 A in
diameter.

The crystal edges of the colloidal gold particles are

especially evident, indicating high resolution.
In Figure 5 (magnification 640,000 diameters), the cupric
ferrocyanide gel was prepared by precipitation followed by washing
in a centrifuge.

The washed gel was dispersed in distilled water,

and successive drops of the resulting suspension were allowed to
dry on zinc oxide needles supported on a copper grid without a
carbon or collodion membrane.

The sample area portrayed in Figure

5 was at the intersection of two zinc oxide needles.
use of a

Despite the

,f

cold finger" sample holder, small amounts of carbon

deposited on the sample during the time required for the focusing
o

operations.

The primary particles are in the range of 15 A, and

are readily differentiated from the carbon background.
In Figure 6 there is a given reversed print at higher
enlargement (magnification 1,000,000 diameters) of the same area
as in Figure 5.

It is evident that the primary particles are
o

extremely small, being in the range of 10 to 15 A.

Possibly some

o

particles are even smaller than 10 A.

The primary particles are

loosely and randomly packed in the aggregates.
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In Figure 7 (magnification 640,000 diameters), there is given
a sample area of cupric ferrocyanide gel which forms a "continuous"
film near the intersection of a pair of zinc oxide needles.

This

sample area may very well represent the actual structure and
morphology of gel film found by the deposition of cupric ferrocyanide
between the interstices or pores in a porous cup and thus may corres¬
pond to the morphology of an actual cupric ferrocyanide semi-permeable
membrane.

In Figure 7, the size of the primary particles are in the

same range as in the previous Figures.

A similar sample is illustrated

in Figure 8 at 320,000 diameters.
6.

EtzcXAon {)<,&faction.

Samples of cupric ferrocyanide

that have aged under water or in the presence of the supernatant
liquid for extended periods of time, such as several hours or days,
corresponding to the times involved in the usual washing procedures
by the centrifuge or decantation, exhibit broad lines or bands
agreeing with the diffraction lines observed for samples of larger
crystal size prepared by aging at the boiling point of water.

How¬

ever, samples prepared rapidly so that only a short time elapsed
between precipitation and washing and the final drying, exhibit
broader bands.

These broader bands indicate smaller crystal size,

than those observed in earlier investigations (iitcfe. buptia) of the
moist gels and air-dried samples, which were washed and dried over
a longer period of time.
Numerous electron diffraction patterns have been observed
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for the samples described above.

These patterns correspond to the

standard diffraction pattern of cupric ferrocyanide.

However,

where the elapsed time was kept in the order of 30 minutes, the
electron diffraction pattern is so diffuse that the sample may be
assumed to be composed of extremely small and imperfect crystals
or is actually amorphous in the sense that it exhibits a liquid-type
of diffraction pattern.

A typical pattern of this type is presented

in Figure 9.
It will be recalled that the standard procedure for preparing
a cupric ferrocyanide membrane for actual use, often consists in
impregnating a parchment thimble or clay porous cup.

Potassium

ferrocyanide solution is placed on one side of the thimble and the
cupric salt on the other side.

The thimble is allowed to stand in

dilute cupric salt solution for a period of a day or so, and sub¬
sequently is washed repeatedly with distilled water for a week
(c.|$. 18).

It is very possible that the long period of time devoted

to washing results in a larger crystal size of the cupric ferrocyanide
primary particles and gives a stronger membrane.

The effect of long

aging times in water and various electrolytes will be studied in
greater detail in future work.
It is concluded from the above survey of the literature, and
from the above described experiments that cupric ferrocyanide membranes
consist of loosely and randomly packed aggregates of primary particles.
O

The primary particles have diameters in the range of 10 to 30 A,
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Aging under water or electrolytes may allow the crystals to grow
O

into the range of 30 to 200 A.

It is a distinct possibility that

aged membranes consisting of larger primary particles may be
stronger, and that the classical and empirical directions for their
practical preparation, which specified prolonged aging and washing
times, recognized this behavior, even though the reason was not
known.
The pore space in the membrane consists of the interstices
between the primary particles.
In general, the primary cupric ferrocyanide particles are
crystalline, and the observed x-ray and electron diffraction
patterns agree with those from larger crystals prepared by aging
at 100°.

However, samples of cupric ferrocyanide prepared and

washed rapidly may be essentially amorphous in the sense of
exhibiting a liquid-type diffraction pattern.
It is concluded that of the three classical theories of
semi-permeability, the ad&ofiption theory is predominant in its
application, although solution effects and size effects are important.
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FIGURES

A.

Legend* fioA TAJQVJie*.
Fig. 1.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed on carbon membrane
(Method II).

Magnification: 320,000 diameters;

O

1 mm. = 31 A,
Fig. 2.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed on carbon membrane
(Method II).

Magnification: 320,000 diameters;

O

1 ram. = 31 A.
Fig. 3.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed on a collodion membrane
with about 30 minutes elapsed time (Method II).
Colloidal gold particles added as focusing aid.
o

Magnification: 640,000 diameters; 1 mm. = 16 A.
Fig. 4.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed on a collodion membrane
with about 30 minutes elapsed time (Method II).
Colloidal gold added as focusing aid.

Magnification:

O

640,000 diameters; 1 mm. = 16 A,
Fig. 5.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed in centrifuge (Method I)
and desposited on zinc oxide needles in less than 30
minutes of elapsed time.

Magnification:
O

640,000 diameter; 1 mm. - 16 A.

-23-

Fig. 6.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed in centrifuge (Method I)
and deposited on zinc oxide needles in less than 30
minutes of elapsed time.

Magnification: 1,000,000

o

diameters; 1 mm. = 10 A.
Fig. 7.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed in centrifuge (Method I)
and deposited on zinc oxide needles in less than 30
minutes of elapsed time.

Magnification 640,000

o

diameters; 1 mm. = 16 A.
Fig. 8.

Electron micrograph of cupric ferrocyanide

gel precipitated and washed in centrifuge (Method I)
and deposited on zinc oxide needles in less than 30
minutes of elapsed time.

Magnification: 320,000

o

diameters; 1 mm. = 31 A.
Fig. 9.

Electron diffraction pattern for cupric ferro¬

cyanide gel precipitated and washed on carbon membrane
in less than 30 minutes of elapsed time (Method II).
Accelerating voltage 100 KV.
8.
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