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Introduction

The reddish-brown hydrosol of silver that
was first prepared by Carey Lea (1) in 1889
was studied rather extensively around the
turn of the century. One of the properties
of this colloid which attracted attention was
the easy repeptization of the sol particles
after they had been coagulated with electro-
lytes. Tt is often sufficient to wash away the
floceulating salt from the coagula in order
to redisperse the original particles.

This is not common for a colloidal dis-
persion of 2 noble metal. Therefore, the idea
has arisen that Carey Leas preparation,
although it resembles the lyophobic colloids
in many respects, must not be classified
among the “electrocratic” systems which
owe their stability to the electrical double
layer at the particle-solution interface. In-
stead, it would be a protected colloid (2).
The surface of the particles might be covered
with some, as yet unidentified, macromole-
cular substance.

As a part of a general study on the
repeptization of electrocratic (lyophobic)
sols (3), we reinvestigated Carey Leas sol.
To characterize the silver-electrolyte mter-
face in this colloid we could use some
methods that were not available half a
century ago. We did not find proof of the
hypothetical “macromolecular substance”
that was assumed to adhere to the particles.
Somewhat surprisingly, we had to conclude
that Carey Leas sol is a rather normal
electrocratic colloid.

Experimental

Chemicals were of “Analytical Reagent” quality.
Radioactive citric acid was purchased from The
Radiochemical Centre, Amersham, England. Water
was redistilled twice, the last time from a tinned still
with a silver cooler. Glassware was cleaned with hot,
concentrated nitric acid, rinsed with distilled water,
and thoroughly steamed before use.

a) Preparation of a silver sol according to Carey Lea
The following solutions are used to prepare the sol:

& — Nagcitrate - 2 H,O 400 g/l
b — FeS0, - 7 H,0 300 g/1
¢ — AgNO, 100 g/l
d — NaNO, 1M or
d’- KNOQ, 1M

By mixing 3.5 ml of solution & with 2.5 ml of the
freshly prepared solution b, a strongly reducing agent
is obtained (Freq = — 0.2 V vs, n,h.e.). This mixture
is added under vigorous stirring to 2.5 ml of solution c,
and the blue-black precipitate of flocculated silver is
isolated by centrifugation. The sediment is redispersed
in 5 ml water, and then reflocculated with 5 ml of either
solution @, &, or d’. Redispersion and reflocculation are
repeated three times. Finally the precipitate is re-
dispersed in water and a dark brown concenfrated sol is
obtained.

If we wanted a radioactive label on the citrate in the
sol, we added 1 mg citric acid — 1,5 CY, containing
0.05 me to 11 of solution & prior to the preparation and
washing procedures.

b) Fractionated cougulation

Odén {4) has described how fractions of different
stability and colour can be isolated from a Carey Lea
sol by “fractionated coagulation” with 1-1 electrolytes.
As we wanted our sols free from the large concentra-
tions of intermicellar salt which result from Odéns
procedure, we followed a related technigue, which gives
the same type of fractions from a sol.

To the original sol KMNO, or Wall0y, wag added up
to a concentration €. The flocculated material — the
least stable fraction — can be centrifuged off. Then the
salt concentration is raised to ¢, The now flocculating
material is isolated by centrifugation and redispersed
in water. The resulting sol behaves like a complete
Carey Lewx sol, but it will flocenlate between con-
centrations €, and C,. Such a fraction of the sol will
be indicated as F C)—¢; throughout this paper.

¢} Analytical procedures

The Ag content of sols was determined after dis-
solution of the metallic silver in some H,50, and H,0,.
The Ag* concentration was obtained from a potentio-
metrie titration with NaCl. Alternatively Ag could be
determined directly in the sol by the use of & Unicam
SP 900 flame photometer. Measurements were made at
A = 328 nm with AgNOQ, solutions as standards. The
accuracy and the agreement of both methods was
about 19%,.

The Nat concentrations were also determined with
the Unicam SP 900 (1 = 592 nm} with NaNQ, solutions
as standards. For Nat determinations the sols were
diluted 100 X. The accuracy of the Na+ determinations
was better than 19,.

Fe was determined colorimetrically as Fe?+ with
the thiogyanate method. 5 ml sol, diluted to contain
approximately 100 mg Ag were heated on a water bath
with 0.08 ml 659, HNOQ; {Fe — free, Merck) and 2 ml
590 H,0, until the metallic Ag was dissolved. 115 mg
K, dissolved in 2 ml H,0 were added and the Ag(l
precipitate was coarsened by prolonged heating. The
precipitate was removed by centrifugation., The super-
nafent solution and & ml 209, KCNS were mixed and
made up to 50 mi. A standard solution was prepared,
containing 100 mg Ag, 0.1 mg Fe and 15 mg Na citrate
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in 5 ml, and a blank which contained 100 mg Ag and
15 mg Na citrate. Standard sol and blank underwent
identical treatment (described above) at the same time.
The resulting color was measured at 470 nm and at
500 nm.

Citrate was either defermined colorimetrically or by
a radiochemical determination of labeled catrate. In
the colorimetric method, which was developed and
deseribed by Huwzinga (5), the crtrate 13 degraded and
brominated to penta-bromoacetone. This compound
is 1solated through extraction with petrolenm ether.
The petroleum ether fraction is shaken with an
aqueous solution of thiourea and Na,B,O, and a
yellow complex forms. Its concentration was deter-
mined at 450 nm in a Unicam SP 500 spectrophoto-
meter. The optical density of the samples was compared
to that obtained from standard citrate solutions by
the same procedure at the same time. The aceuracy of
the method is better than 109,

For the radicactive determination, 0.05 ml of a
labeled sol or solution were absorbed in filter paper and
dried at 60 °C. The radicactavity of such samples was
measured in a “Nuclear Chicago System 725" liquid
seintillation counter. A series of internal standards,
where known amounts of radioactive citrate had been
added to the sol was run with each determination.

Although the results of the radioactive determina-
tions looked more precise than those of the colorimetric
method, they were systematically lower. In good
experimentts the results of the two methods agreed
within 109,

d) Blectrophoresis

The electrophoretic mobility of the sol particles
was measured in moving boundary-type experiments.
The boundary was formed between a sol and a portion
of the supernatant liquid from the same sol when it
had heen centrifuged 1 hour at 80,000 g. The conductiv-
ity of the two solutions was equal, which indicates that
the transport of electricity by the particles is negligible
compared to that of the intermicellar electrolyte. The
Pt-electrodes of the cell were located in open electrode
compartments at 25 cm from the boundaries, Measure-
ments were made during 10 minutes in two directions
of the ecurrent, and at 24 °C 4- 0.3°. The current
density at the boundary did not exceed 5 mAjemZ.
Double layer charges and {-potentials were calculated
as indicated by Wiersema (6).

e} Electron microscopy

A sol, diluted to contain an appropriate number
concentration of particles was sprayed over collodion-
covered Cu grids from an all-glass vaporizer. Only small
droplets, a few p m diameter, reach the grid m this
device. They will rapidly evaporate and leave the
particles behind on the collodion.

This evaporation process tends to concentrate many
particles on a small area. Therefore, sometimes the
collodion membranes were rendered hydrophilic through
treatment with a surfactant solution (Cetyl-pyridinium
nitrate) before the sol was sprayed upon them. Then,
the droplets would spread over the collodion and leave
individual particles all over the grid.

The electron microscopical work was done in the
Centre for Electron Microscopy of the Utrecht Uni-
versity. Electron micrographs were made in the
Philips EM 200, or in the Siemens Elmiskop I miero-
scopes, Particle sizes were obtained from mierographs
with 2 282,000 X magnification. Averages were taken
over at least 1000 measured particles for each sol.
Obvious aggregates were not taken into account,

Particles were counted on at least four different micro-
graphs, obtained from three or more different prepara-
tions of each of the sols, The size of an individual
particle could be determined within 109, The un-
certainty i the magnification of each micrograph was
less than 59, Therefore, the reliability of the obtamed
average particle radii is about 29%.

1) Absorption spectra

Absorption spectra, hoth of the sols and of the
fractions of various colours, as mentioned under &,
were determined in a Beckman DK-2 spectrophoto-
meter. Distilled water was used as a reference hquid.

Resulis

a) Particle size, surface areq

Electron micrographs of the Corey Lea sol
(fig. 1) show erystalline particles of a fairly
uniform size. The average particle radius
varies from @ = 37 -1 Ato @ =45 -1 A
for different sols. Casting a Pt-shadow over
the particles reveals that they are spherical.

In the course of our electron microscopic
work on the Carey Lea sol we observed in
our preparations many of the phenomena
that are known (7-10) to occur in the
electron-microscopic observation of vacuum-
deposited “thin” discontinuous metal films:

Fig. 1. Electron micrograph of a Carey Lea silver sol
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e. g. the liguid-like coalescence of particles,
and the empty fraces that are left behind
when coalescing particles move over the
substrate to recrystallize in larger units.

The vacnum-deposited films consist of
“islands”. These are small particles, formed
through nucleation and growth when in-
dividual metal atoms are deposited on the
substrate (10, 11). In our sol, however, the
particles were formed in an aqueous sus-
pension. They went through cycles of
flocculation and repeptization. Eventually
they were left behind on the substrate when
the water evaporated from between them.
Tt is obvious that there is no analogy in the
preparation of “thin films” according to
these two procedures. However, the particle
size in the “films” is the same as in the
dried colloidal silver. The analogy in be-
haviour of these preparations is so striking
that we suppose that such observations are
a common property among very small metal
particles on solid substrates. The presence of
surfactant on the collodion immobilizes the
particles at larger interparticle distances and
effectively prevents their coalescence. In the
absence of the surfactant a weak electron
beam was used fto reduce the chances of
coalescence.

A distribution diagram of the particle
sizes in one typical sol is shown in fig. 2.
From this type of diagram the ratio between
the volume and the surface area of the silver
in each sol may be obtained through sum-
mation of these quantities over the particle
fractions with different sizes.

N .
(number of particles)

—

]
02 a7 0 ] 17 xa3

Fig. 2. Distribution of particle sizes in a Carey Lea sol.
a =37

An X-oray diffraction pattern of the
coagulated, but still repeptizable, Carey Lea
sol was obtained. It shows the powder
diagram of the normal Ag-lattice and, of
course, a considerable broadening of the
lines. Thus, assuming that the density of
the particulate material equals that of
normal bulk silver (d = 10.5), we can
calculate the surface area per g Ag in the sol.
This quantity can be related to the analytical-
ly determined Ag concentrations. It turns
out that 1 g Ag has an area of about 70 m?
in & normally prepared sol.

This result changes to a considerable
extent the picture of a Carey Lea sol as it was
obtained from the early nvestigations.
Odén had counted particles in an ultra-
microscope. He determined the Ag content
of the sol and calculated that @ = 385 A
{12)1). Schneider (13) had determined that
979, of the solid material in the sol is Ag.
The remaining 3%, could not be analysed at
that time since there was no suitable deter-
mination method for citrate available.

Such results left room for the theory that
the unidentified 39, was macromolecular
material which. covers the particles and
protects the colloid. However, if the surface
area is ten times larger than Odéns estimate
~ as our data indicate — 3%, of the material
would hardly be enough to cover the particles
with a single layer of citrate ions.

b} Analytical data, surface coverage

The protecting agent that allegedly covers
the particies of a Carey Lea sol must be
built from the materials that were used to
prepare the sol. It must be formed under the
conditions of the gol preparation. It must he
stable under the conditions that prevail in
the sol. It must be present in the floes from
the sol after their coagulation,

Such ions as Na*t, Agt, 80,2 or NO,;~ are
not likely to form protecting polymers. An
insoluble iron oxide layer ocould possibly
cover the particles. Citrate might have
undergone polymerization and protect the
sol, or there might be an adsorbed polymer,
consisting of both iron and citrate (2, 28).
Therefore, the amount of Fe, of citrate and
of Ag in 1 ml of the sol was determined.

1) One year earlier, however, Zsigmondy (2) deseribed
how he could only see a few particles in a Carey Leu
sol when he used an ordinary electric arc as the light
source for the ultramicroscope, but that he saw a few
large and very many small particles when he illuminated
his sol by focusing sunlight on it, Odén must have
migsed the smaller particles.
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The same analysis was made on 1 ml of the
supernatant solution after coagulation of
the same sol and centrifugation. Subtraction
of the quantities so determined gives the
amounts of material which are carried from
1 ml sol by the coagulated, but still re-
peptizable Ag particles. The amount of Ag
in that ml, and its surface area as obtained
from electron microscopy give'the surface
that is covered by this adherent material.

The tables 1 and 2 present some typical
results of this determination method for the
amount of adsorbed citrate in sols of different
age, history and treatment during their
eventual coagulation.

Table 1. Surface coverages in some types of
Carey Lea sol

A is the area (in A?) that is available for every
adsorbed citrate molecule. N indicates o freshly
prepared sol, 0 a sol that is 1 week old. F 100-140
means a fraction that floceculates between 100 and
140 ramol/l 1-1 electrolyte. 4 is the concentration of
inert galt used to separate the particles from the
solution by flocculation. & is the mean particle radius,
+ means that the flocs would and - that they would
not repeptize in water.

Sol y (mmol/l, KNQ,) & (4) 4 (A
N, complete 500 45 35 +
N, F 100-140 200 51 62 +
N, F 250-300 350 47 48 +
0, complete 500 42 40 -+
0, ¥ 75-100 120 60 57 +
0, T 175-200 2560 45 49 +

Table 2. Influence of flocculating electrolyte on surface
coverages {symbols as in table 1)

Sol ¥ (mmol/l) Salt 4 (A
0, F 75-100 250 KNO, 57 +
0, ¥ 75-100 800 KNO, 200 —
0, F 175-200 250 KNQ, 50 +
0, F 175-200 500 KXNO, 200 —
0, complete 500 KNO, 440 +
U, complete 2 La{NG;), 3B —

Indeed there is a considerable adsorption
of citrate. In its flattest conformation one
citrate ion could cover about 50 A2 If we
compare the area per molecule 4 to the
dimensions of a citrate ion, we see that in
the — still repeptizable - flocs there is about
one monolayer of adsorbed citrate. There-
fore, there is no building material for a bulky
citrate polymer structure which covers the
particles, extends into the solution, swells
upon dilution in order to cause repeptization,
and so protects the Carey Lew sol.

The results of the iron determinations
depend very much on the previous treatment

of the sol and bear no relation to its colloid
chemical properties. In the preparation
process of a Carey Lea sol the coagulated
silver particles were always washed with
solutions of inert salts. If XNO,; or NaNO,
solutions were used, the sol might, in
accordance with earlier observations (1, 15),
contain as much as 4 mg Fe for each g Ag.
If, however, the washings with KNO, or
NaNO, were preceded by a single washing
with a Na-citrate solution, the eventual
amount of Fe in the complete sol (particles
+ intermicellar solution) was reduced to
0.3 mg Fe per g Ag. In such sols, which were
as repeptizable as the previous type, there is
only one atom of Fe for every 40 of these
citrate ions that are adsorbed at the surface
of the particles. This result makes the
presence of a macromolecular compound of
Fe and citrate very umnlikely and rules out
the possibility that the particles are covered
with iron oxide. It appears that the poly-
valent Fe ions are indeed strongly adsorbed
in the double layers around the particles,
but that they are not of special importance
in respect to the repeptization of the floc-
culated sol.

¢) Charge on the silver particles, the electrical
double layer

Around the particles of a Carey Lea sol
there is an electrical double layer, and the
adsorbed citrate ions are a part of that
system of charges. We tried to estimate the
charge that is located in the particles by
determining the concentrations of all charged
species in some sols. Electroneutrality de-
mands that the sol as a whole is uncharged.
So, if we succeed in a quantitative deter-
mination of all the ions in the sol, and find
a difference in the summed charges of cations
and anions, the remaining charge must
reside in the particle material.

We used sols that had been washed 3 times
with Na-citrate solutions after their pre-
paration, and that were not treated with
KNO, or NaNO; afterwards. From such sols,
Fe¥t  Fedt+, 80,2, and NO,;~ are absent
beyond the limits set by the acouracy of the
citrate determination. Of the remaining
species, Agt and H* (or OH-) are not
significant in this respect either. We have
determined these ions because they may
have a potential-determining role in the
silver-electrolyte interface. The major part
of the ionic charge in the solution is carvied
by the Nat and the citrate ions. We measured

60
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the concentrations Cm+, Cagr, Cnar, and
Ceitrate® (eq/1), and present these in table 3
together with the silver content of the sol
mae (molfl). From these data the missing

Oxat = Coits™ (eq/mol Ag) is

charge, ¢,= — e

found.

Electron microscopy has already given us
the area 8 (cm?fmol Ag) of these silver sols.
We calculate the surface charge density

g X F 108
- 5

oy (#Cfem?) from these data.

The surface charge density, o,, of the
particles, the charge of the adsorbed ions,
and the charge in the diffuse part of the
double layer at the particle surface com-
pensate each other. From measurements on
the electrophoresis of these citrate-washed
sols, we calculate {-potentials of — 80 mV
with a variation of 5 mV around this value
for the different preparations. Such a value,
together with the data on the salt con-
centration, shows that the charge in the
diffuse part of the double layer in these sols
does not exceed 10 uClem? Thus, the
adsorbed negative ions find a small part of
their charge compensated by the positive
charge of the diffuse layer, but most of
their charge is compensated by the positive
core of the particle.

d) Discussion of the analytical data

The results, obtained from the analytical
determinations, are of limited accuracy due
to some 109, uncertainty inherent in the
determination of citrate. In the experiments
on surface coverage the sols were washed
with NaNO, and the particles carry over
509% of the total citrate. Therefore, the
surface coverages in the tables 1 and 2 are
accurate within some 159, The situation
is worse in the determination of the particle
charge ¢, (table 3). This is obtained from a
relatively small difference between the Na+t
and the citrate concentrations. Both these
concentrations are large in citrate-washed
sols; they represent the bulk of the inter-
micellar salt. A 109, accuracy in the citrate
determination makes the values of the

surface charge density uncertain within
509, We can only draw conclusions about
the positive sign and about the order of
magnitude (70 + 35 uCfem?) of the charge
density. If, however, we dare conclude from
data in table 3 that all the described sols
are alike, we might consider averaging the
individual results. In that case a value near
70 xwClem? for g, would seem somewhat more
trustworthy.

The data of table 3 allow two essentially
different interpretations of the missing charge
(7,)- We have interpreted it as a positive
charge on the silver core of the particles.
A positive g, would also be obtained if we
had overestimated the charge of the citrate
jons because of incomplete ionization. At
the pH of our sols, complete dissociation is
a good approximation for the free citrate ions
in solution, which constitute up to 809, of
the available citrate. The electrophoresis
data show that only about 39 of the Na+
ions, or 10 xCfem?, act as counterions of the
sol particles. The rest is present in solution
and compensated by an equivalent amount
of citrate. Citrate adsorption, expressed in
equivalents, is about 10 times larger than
Na+* adsorption (tables 1 and 2, 1 ion/
50 A% = 95 uCfem?). Only if the dissociation
of the citrate were limited to about 109,
would the silver core have no positive charge.
However, this is extremely unlikely since
free citric acid has pK; = 3.0; pK, = 4.7;
pEK; = 5.4, The mutual interaction of neigh-
boring COO~ groups raises the pK’s at the
surface just like there is a difference between
PK,, pK,, and pK,. Tt is improbable, though,
that at the surface the pK’s have risen as
high as pK; = 7. Such a rise would be
necessary to explain the low degree of
dissociation.

Our data agree with Schneider’s early
analytical results. He found that the sol
contained 979, Ag. We would find that 969/
of the material in our sols is Ag if we could
dry them and wash all the extra salts away
— as Schneider did — without changing the
adsorbed amount of citrate.

Table 3. Surface charge of the silver particles

PH Cag+ Oxat Ceitrate=* MAg [y e
eq/L1.10% eq/1.102 eq/1.10% molf1.102 eq/mol. 10% pClem?
6.4 1.4 1.20 1.76 6.1 90 + 110
6.5 1.8 2,00 2.46 5.3 87 + 108
7.8 1.5 1.38 1.68 6.1 48 + 59
6.5 1.1 1.42 1.76 5.8 60 + 73
6.4 0.7 1.32 1.67 59 60 + 73
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Eleetrochemistry of noble metal sols

In a Carey Lea sol positive silver particles
are covered with citrate ions in a ‘‘super-
equivalent” specific adsorption. Such a
reversal of charge is the rule with sols of
noble metals. On electrodes the zero charge
potentials (vs. n.h.e.) have been determined

(15 as By, = — 0.7V for Ag, B,pp = — 0.4V
for Pt, E,, = — 02V for Hg and E,,
= 4 0.1V for Au.

In a sol the (redox) potential will normally
be on the positive side of these values and
on the negative side of the potentials where
noble metals have surface oxides. The metal
of the particles will come to equilibrium with
the solutions after the formation of the
particles. Typically in the systems of table 3
the pAg = 5 would make the potential of
a piece of silver immersed in these solutions
E g = + 0.5 V. Therefore, the silver particles
in these sols must carry positive charges.

In electrokinetic experiments, however,
all these positive Aun, Pt, and Ag particles
in sols show negative {-potentials: the charge
in the diffuse layer is positive too. Specific
adsorption of such anions as Cl-, Br— or
citrate®~ at the metal/solution interface
overcompensates the particle charge. It is
the experience (18, 17, 18) of colloid chem-
istry that such ions must be present in a
stable metal suspension. Our results with
the Carey Lea sol are in line with this
general idea about the electrochemistry of
noble metal sols.

Colloid chemistry of the Carey Lea sol
a) Stability and repeptization

Sven Odén (4) studied the coagulation of
the Carey Lea sol with electrolytes. It obeys
the Schulze-Hardy rule, which indicates that
it is an electrocratic colloid. Salts with mono-
valent cations give flocs that can be re-
peptized by washing. Ions of higher valency
give irreversible precipitates. Odén discovered
the fractionation of the sol in portions of
different colour and stability. He followed
a suggestion by Ostwald and Lippo Cramer

and related the colour differences to differ-

rences in particle size. And, indeed in the
ultramicroscope he could only observe in-
dividual particles in the least stable
(“coarser’) fractions.

In 1922 Freundlich and Loening (19) re-
established Odéns ohservations. They deter-
mined flocculation concentrations for 18
electrolytes which obey the Schulze-Hardy

rule again. They reported a decrease of the
sol stability with age, and established that
the sol follows the Burion-Bishop rule for
the relation between stability and sol
concentration.

Freundlich and Loening used Carey Leas
sol as a lyophobic colloid in their study of
the sensitizing and the protective action of
such lyophilic colloids as gelatin and gum
arabic on kyophobic sols. Instead of deter-
mining the more common “gold numbers”
on the formol gold sol they obtained “silver
numbers” with the Carey Lea sol. The ana-
logy (20) of the gold and the silver numbers
indicates once more that the Carey Lea sol
is not already covered with polymers before
the lyophilic colloids are added.

We confirmed these earlier observations
and added a few other colloid chemical
experiments to improve our understanding
of some of these phenomena.

In table 2 we see that flocs which were
coagulated with 2 mmolfl La(NOQ,), would
not re-dissolve in water. To such precipitates
0.5 M KNO, was added and decanted. The
flocs remained intact, of course, but after
this washing their repeptization was as easy
as if the sol had been coagulated with KINO,
from the beginning.

Analogous observations on other colloids
have heen described (3, 21). It is a general
phenomenon that polyvalent ions in a floc
make it irreversible, but that these ions can
be exchanged against monovalent ions. Such
a change alters the properties of the coagulum
with. respect to repeptization.

In table 2 it is seen that repeptization is
impossible when the citrate ions have been
expelled from the particle surfaces by large
concentrations of monovalent ions. This
suggests that the citrate ions are in an
adsorption-desorption equilibrium with the
solution. The data of table 2 reflect their in-
fluence on stability and repeptization.

Yo
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We observed the decrease in stability that
wag mentioned by Freundlich, and determin-
ed the lowest concentration (y,) that will
cause observable floceulation by 1-1 electro-
lytes, as a function of the age of the sol
{fig. 3).

Next, at time ¢’ = Q (¢ > 3 h) we coagulat-
ed the sol with 0.5 M freshly prepared Na-
citrate, and repeptized with water after
5 min. A considerable restabilization was
observed. The new stability decreases with
time like that of fresh sols. This indicates
that slow desorption of normal citrate ions
is responsible for the diminishing stability
of the sol,

b) Fractionation

Odén’s idea that the least stable fractions
of the Carey Lea sol are the coarser ones is
not supported by our electron microscopic
data. Although the fractions contain some-
what coarser particles, there is a considerable
overlap of the particle size distribution curves
among the fractions. Only the most stable
fractions do indeed show small particles of
anarrow size distribution. But these fractions
also carry the closest coverage with citrate.

E

fraction

e o oy, Morrss
300 400 500 800
Al

Fig. 4. Optical extinction (¥). Spectra of a Carey Lea
sol and of one of its fractions compared with the theore-
tical spectrum of 100 A silver spheres (Morriss)

The fractionation seems to depend on citrate
adsorption (surface charge density) rather
than on size. This observation, however, does
not yet explain the different colours of the
fractions.

In a Beckman DK-2 spectrophotometer
we recorded the absorption spectra of the
sol and of its fractions {fig. 4). The sol, and
also its stablest fractions, show a single
absorption maximum at 400 nm. Caleulations
by Doremus and by Morriss (22-25) show
that such a spectrum must be expected from
a digpersion of silver spheres with the pro-
perties of the bulk material and a diameter
of 100 A. The peak in the measured spectrum
is broadened due to the size distribution of
the particles.

In less stable fractions this same maximum
is accompanied by a broad, lower peak at
larger wavelength. The wavelength of this
secondary peak decreases when the stability
of the fraction increases. It is 570 nm in the
violet fractions of low stability, 510 nm in
the more stable red fractions, and it dis-
appears towards the orange fractions and the
original sol. If salt is added to these last very
stable dispersions, they, too, develop a
second peak, whereas the original maximum
at 400 nm is lowered. This behaviour is
completely analogous to that of gold sols
under conditions of slow flocculation. The
presence of secondary peaks shows that some
particles are clustered together in rather
small aggregates (26). Therefore, it seems
that the difference in colour between the
fractions must be attributed to differences
in the amount and the size of aggregates
present.

The green colour of Odéns least stable
fraction is entirely due to *limited foccula-
tion™ (27) of primary particles. If obtained
in concentrated form, the least stable
fraction has a violet colour. This fraction
turns green upon dilution but not because
the particle concentration is changed. There
is a time lag between the act of dilution and
the colour change, and if a citrate solution
iz used instead of water for the dilution,
there is no colour change at all (3). It seems
that in this fraction the dilution causes

" desorption of the stabilizing citrate ions below

some critical level, and thereby brings about
floceulation.

The presence of aggregates in the fractions
of the Carey Lea sol explains the much too
large particle sizes obtained from ultra-
microscopy. Odén describes that he was not
able to see individual particles in the stable
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fractiong, but he saw, and counted what he
saw, in fractions of low stability. If there are
only few visible aggregates in these fractions,
such a procedure results in an overestimation
of the average particle size because the mate-
rial of the unseen primary particles is reckon-
ed to belong to the aggregates. Reversing the
argument we can also say that the dis-
crepancy between the particle sizes that are
obtained in the electron microscope and the
ultramicroscope respectively are a clear
indication for the presence of (a few) ag-
gregates in the fractions of a Carey Lea sol.
For it is obvious that in the electron micro-
scopic observation, particles ten times larger
than the average cannot simply be over-

looked.

Conclusion

Carey Leas silver sol has been described
in some detail and in different respects. Our
conclusion is the same as Freundlichs: “it is
an exemplary, negatively charged hydro-
phobic sol” (19). This conclusion contradicts
earlier ideas that Carey Leas colloidal silver
is a protected colloid. The particle size of the
sol is much smaller than was previously
expected. The colloidal stability of the
Carey Lea sol is due to the superequivalent
reversible adsorption of citrate ions, and its
peculiar properties like fractionation and
repeptization must be explained from this
point of view.
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Summary

Carey Leas silver sol is investigated with electron
microscopy and analytical methods. Tts colloidal
behaviour is studied. Coagulation, repeptization and
fractionation are deseribed. The Carey Lea sol i3 not
a protected colloid. It consists of small (80 A diameter)
spherical, rather monodisperse, positively charged
silver particles. Citrate ions are adsorbed at the particle
surface in superequivalent adsorption.

Zusamamenfassung

Das Carey Leasche Silbersol wurde untersucht mit
den Methoden der Elektronenmikroskopie und der

chemischen Analyse sowie nach seinen kolloidchemi.
schen Eigenschaften. Flockung, Repeptisation und
fraktionierte Koagulation werden beschrieben. Es stellt
sich heraus, daB dag Sol aus feinkdmigen (80 A Durch-
messer}, kugelformigen, ziemlich monodispersen, positiv
geladenen Silberteilchen besteht, an denen Zitrationen,
in superdquivalenter Adsorption, angelagert sind.
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