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IjJTHOD UCTIOff.

Certain substances, in sufficiently dilute aqueous

solution, behave as simple strong electrolytes but,

at higher concentrations, exhibit properties which car

be explained only on the basis of aggregation of the

constituent ions. Often, the transition from the

simple behaviour to the complex, is extremely sharp,

occurring at a so-called "critical concentration."

This concentration depends on the size, shape and

charge of the aggregating ions!1^ While, as a rule,

substances exhibiting this behaviour are 3alts con¬

taining long chains of carbon atoms, thi3 is not a

necessary criterion. A3 a class, these substances

are assigned the name of ^colloidal electrolytes," a

term descriptive of their dual nature.

Investigators of the properties of solutions of

these substances are in unanimous agreement on the

existence of aggregation. Bsgarding the shape, size

and size distribution (if any) of these aggregates

there are the most diverse views.

Until recently, McBain, one of the foremost

Workers in this field, postulated two types of micelle

n small spherical, highly conducting "ionic micelle"

d a larger, lamellar, poorly conducting "neutral

micelle," the relative proportions of which varied witli

concentration. how, however, McBain appears to have
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abandoned this view and, while relying on two types

as before, assigns to these different resulting

charges and varying sizes, depending on concentration.
(2)

Chandler and McBain; state that "presumably at any

given concentration a dynamic equilibrium establishes

as large number of species of particles, dominated by

a few species that comprise the major concentrations."

In opposition to this view, Hartley^3^^^6^
assumes no such change of micellar size with concen¬

tration. He considers that the aggregate has a well-

marked optimum size and composed of 50-100 paraffin

chain ions. This aggregate he states "is formed from

single ions with a very low concentration of inter¬

mediate aggregates."

Yet another approach has been made by Meyer and

van der i^ykl6^ These workers have applied the Mass

Action Law to the building up of a large micelle from

simple ions and consider, in opposition to Hartley*a

views, that appreciable concentrations of inter-

nediaries must exist.

The question of micellar charge is as disputed

as the associated one of micellar size. Chandler and

ilcBain, in their recent paper, consider & maximum of

four charges even in the largest aggregate, a view notnconsistent with McBain's earlier contention that the

Charges on the micelle surface were so far apart that
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(7)
they behaved as though Independent: Hartley hol<ty
that large interionic effects exist and that charges

are so close that the micelle simulates a multivalent

ion. A further postulate is necessary, namely that

ions of opposite charge ("gegenions") adhere to the

micelle to explain the observed conductivity and

transport number values on this theoiy.

The existence of large interionic effects has

been shown to be highly pi'obable by the measurements

of MalsCh and Hartley^ of conductivity at high

field strengths and those of Schmld and Laraen^9^ of

conductivity at high frequencies. It is with the

results of these latter workers that we are concerned

here.

Conductivity measurements at high frequencies may

give noticeably higher results than similar measure¬

ments carried out with slowly changing or stationary

fields. This rise at high frequency was predicted

theoretically by Jalksnhagen^1(^for ordinary electrolyses
and confirmed by many workers. He explains that on

an average any ion will be surrounded by an atmosphere

of ions of predominantly opposite sign and when the

central ion moves in a stationary field, this ion

atmosphere which tends to move in the opposite direction
will exert a retarding force. By the application of

a sufficiently rapidly changing field, the ionic
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atmosphere will "be unable to re-form round the centra!,

ion to exert its full retarding effect# Consequently,

a conductivity increase will he observed at high

frequencies, of magnitude dependent upon the magnitude

of the interlonic effects.

Measurements of the conductivity of various

colloidal electrolytes at high frequencies and at

different concentrations should thus give useful

infoimation as to the role of these interionic effects

in aqueous solutions of colloidal electrolytes*
(9 )

In addition, Schmid and larsen obtained, in soaium

dodecyl sulphate solutions below the critical con¬

centration, a effect which they attributed to

dipole absorption. If it existed, further investi¬

gation should provide useful information on the state

of colloidal electrolyte solutions below the critical

concentration. Complete failure to reproduce these

results or others above the critical concentration at

their stated frequencies necessitated re-examination

of some of their work and a considerable extension of

the frequency range employed, Higher concentrations

of colloidal electrolyte were also examined.
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Preparation of Materials.

Sodium dodecyl sulphate. A sample of sodium

dodecyl sulphate, manufactured by Hankel and Co.,

Dusseldorf, was recrystallised twice from water and

three times from methyl alcohol; then dried in a

desiccator over calcium chloride. The value of the

equivalent conductivity of a 0-01M aqueous solution

of the salt at 25 deg.C. did not agree with the

results of other authors!1 This fact and

the existence of discrepancies of the order of 10$

between the results of these investigators at a con¬

centration of 0*01M at 25 deg.C., indicated the

need for accurate measurement of the low-frequency

conductivity.

The purity of the sodium dodecyl sulphate was

suspected and it was decided to carry out analyses

of the material for comparison with corresponding

conductivity determinations. 15 Mis. of 1:3 Analar

dilute hydrochloric acid and about 100 mgm. of

sodium dodecyl sulphate were allowed to simmer for

two hours* After dilution to 100 mis. total volume,

15 mis. of hot 5% barium chloride solution were added

to the hot solution, which was allowed to stand for

a further two hours. The precipitate, washed twice

(l) Howell and Robinson, Proc.Roy.Soc.Series A,
155, 386 (1936).

2) Lottermoser and Puschel, Kolloid Z., 175 (1933)
,3) Schmid and Larson, Z.f.Slektrochera., 44, 651 (1938)
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by decantation was transferred to a sintered glass

crucible and washing with water continued until the

filtrate was free from chloride • To remove traces

of dodecyl alcohol, the precipitate was further

treated with two 5 ml. portions of hot alcohol.

Heating at 130 deg.C* in an air oven for half an

hour was necessary to dry the precipitate, before

cooling and weighing.

Repeated determinations by this method revealed

large inconsistencies due, possibly, to the presence

in the barium sulphate of dodecyl alcohol from the

hydrolysis!1
It was thought that dodecyl alcohol present in

varying amounts in the original solid, could be res¬

ponsible for the inconsistencies mentioned above.

Some of the compound was therefore extracted for

twentyfour hours with dry 40-60 deg.C. petrol ether
(2)

in a Soxhlet extractor, ' modified so that the thimble

was always drained of the extracting liquid. lo

change in the analysis or conductivity could be

detected.

To eliminate the poaaibility that the commercial

preparation of sodium dodecyl sulphate was impure,

(she compound was made from dodecyl alcohol (Schuchardt
. (3)

Sorlitz) by the following method. 112 Cms. of

[1) Compare Lottermoser and Stoll, Kolloid Z., 63, 49,
(1933)•

[2) Miles and Shedlovsky, J.Phya«Chem., 48, 57 (1944).
[3) <7ard, J.Chem.Soc., 522 (1939).
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primary normal dodecyl alcohol, m.p. 24.5-25-5 degi1^
C., were acted on, with constant mechanical stirring

hy 76 gme. of Ghloro-sulphonic acid, added dropwise

over a period of 2£ hours, the temperature being

maintained at 40-45 deg.C. The product was poured

with stirring into 300 mis. of water containing 30

gms* of sodium hydroxide. The solid which separated

on cooling the solution in ice, was filtered off and

recrystallised once from water. Cooling and subse¬

quent rapid filtration at the pump resulted in high

recovery of the compound. After a further three re-

crystallisations from aqueous ethyl alcohol (commer¬

cial, absolute), the yield was about 60 gms., of sodiun

dodecyl sulphate.

The conductivity figures being virtually

identical with those obtained with sodium dodecyl

sulphate from commercial sources, some of the com¬

pound from the above preparation was extracted as

before with 40-60 deg.C. petrol ether. Again no

change in conductivity was noted.

The consistency of the conductivity figures

seemed to throw doubt on the analysis figures. The

ignition method of Ward^2^ was now tried, with com¬

plete success, and was adopted in preference to the

sulphate precipitation method. About 0*2 gms. of

sodium dodecyl sulphate were weighed out in a

(1) Heilbron, "Dictionary of Organic Compounds"(1943)
gives 25 deg.C. p.1069.

"2) Ward, J.Chem.Soc., 522 (1939).
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previously ignited and weighed silica crucible and

lid. The solid was carefully ignited with frequent

raising of the lid in the early stages. //hen most

of the volatile material had been driven off and the

bottom of the crucible was at a dull red heat, the

lid was removed and ignited separately. All traces

of carbon were burned from the walls of the crucible

which was turned in the pipe-clay triangle to allow

all parts to be treated similarly with the Meker

burner. The lid was then replaced and the white

solid residue heated to fusion point. After cooling

in a desiccator for thirty minutes and allowing to

stand in the balance case for a further ten minutes,

the crucible and residue were weighed. The

sulphuric acid treatment recommended by Ward (loc.cit.)
was found unnecessary. An analysis at this stage

gave 7*81(1)% sodium at this stage (theory requires

7-976$)*
A re-examination of the literature revealed that

Ward (loc.cit.) reported that sodium dodecyl sulphate,

which had been standing for some months over phos¬

phorus pentoxide gave an analysis of 7*973$ sodium,

Intensive drying seemed, therefore, to be required.

This was carried out in a drying-pistol under vacuum

at 60 deg.C., with phosphorus pentoxide as desiccant.

Analyses were carried out at different stages as
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given below.

Drying period in hours. Sodium determinations.

So decomposition took place, since no period of

drying, however long, yielded a sodium percentage

greater than theoretical. Samples of sodium dodecyl

sulphate, previously dried, showed a noticeable

increase in weight even on standing for periods of

some minutes.

All samples of sodium dodecyl sulphate employed

in determination of conductivity were dried for at

least twentyfour hours, before use. A high-vacuum

pump was later used in preference to the water pump

to evacuate the drying apparatus.

Sodium Hexadecyl Sulphate. 72 gms. of primary

normal hexadecyl (cetyl) alcohol, M.F. 56-57 deg.cl1^
were acted on by 37 gms. of chloro-sulphonic acid,

added dropwise with constant mechanical stirring, at

(1) Heilbron "Dictionary of Organic Compounds" gives
M.P. 49 deg.C. on p.413 (under cetyl alcohol)
but see Philips & Mumford "The Dimorphism of
Certain Higher Aliphatic Compounds" 1732
(1931). The delay in change from one form to the
other may give an erroneously high determination.

20

0

3i

H

7.81(1)%

7.88(6)%

7.90(5)#

7.97(3)#
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60-65 deg.cl1^ oyer a period of two hours. The

brownish product was poured into 15 gms. of sodium

hydroxide in 150 mis. of water, stirred, allowed to

stand in a refrigerator overnight and filtered.

Hecrystallisation four times from aqueous alcohol

(commercial, absolute) yielded an almost white,

granular solid. Solutions of the product in water

alone were found to be cloudy. Unchanged cetyl

alcohol being the most likely impurity, the salt

was extracted for some days with 40*60 deg.C. petrol

ether. On further recrystallislng from aqueous

alcohol, white glistening plates of sodium hex&decyl

sulphate, similar in crystalline form to those of

the corresponding dodecyl sulphate, were obtained.

A preliminary drying period in an air over, was

followed by grinding of the crystals to a fine powder

in an agate mortar and subsequent drying under

vacuum in a drying-pistol for at least twentyfour

hours.

A micro analyst, by Messrs. toiler and Straus,

gave the following results.

Bequired. Found*
Carbon 55 *78# 56*2/1'
Hydrogen 9*66$ 9*63#
Sulphate 27*89# 25*5#

(1) Lottermoser & Stoll, Kolloid Z., 6£, 49 (1933)
use conc. sulphuric acid at 50-70 deg.C.
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Cetyl pyridinium Chloride. Attempts were made to

obtain this compound by recrystalUsing cetyl

pyridinium bromide^1) from dilute hydrochloric acid

(Hartley)Recovery of the compound was only

accomplished with difficulty and yields were very

small. An alternative method was tried with success.

Hydrochloric acid gas was passed into a

solution of cetyl pyridinium bromide in about SO mis.

of dioxan contained in a large TJ-shaped tube.

Large volumes of the gas were rapidly absorbed, the

form of the receiver preventing any sucking back.

Quantities of cetyl pyridinium bromide were added

from time to time. After two hours, additions were

discontinued, but hydrochloric acid gas was passed

in for a further hour. The solution was then

cooled with ice, the solid filtered off and repeatedly

recrystalliaed by dissolving in dioxan, adding acetone

and oooling in ice. Extraction with 40-60° petrol

ether followed by recrystallisation from acetone

alone was subsequently found to improve the form of

the crystals. The compound was dried in a drying

pistol for 24 hours at 60°C. and exposed to the

(1) Product of Messrs. Imperial Chemical Industries
(Dyestuffs Division).

|2) Hartley, J.A.C.S., 58, 2347 (1936).
[3) Hauser and Miles, J.Phys.Chew., 45, 954 (1941).
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,

atmosphere in a tube in the balance-case. For the

purpose of making up solutions this compound was

reckoned as the monohydrate though this is somewhat

uncertain. Melting-point (80-83°C.) was identical

with that found by other investigators^ but a

moisture content determination yielded a low result

(2*8$, monohydrate requires 5*05).

On this basis, one would expect that the low-

frequency conductivity measurement would be somewhat

higher at a given concentration than those found

by other investigators. In fact, as is shown in

the disoussion, the present measurements are lower.

The discrepancies may be due to conducting impurities.

The yield of the above method was not

measured directly but the efficiency of conversion

of cetyl pyridinium bromide to the chloride was

extremely high. The greatest losses were incurred

in repeated recrystallisations.

Potassium Chloride;- Two samples (from different

sources) of "Analar" quality potassium chloride were

dried by heating slowly and then to the point of

fusion, in a porcelain basin held in a piece of

I

(l) Shelton, van Campen, Tilford, Lang, h'isonger,
Bandelin and Hubenkoenig, J.A.C.S., 68, 757 (1946).
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asbestos board through which a suitable size of hole

had been punched. The basin was in direct contact

with the flame, while its contents were protected

from contamination.

Identical weights of the two samples were

dissolved in the same quantity of water* The

resistance values of these solutions in the same cell

were identical* This was taken as sufficient

indication that no further purification was needed*

Potassium chloride, for standardisation purposes,

was kept in a desiccator until required.

Conductivity .Vater. for measurements of the low-

frequency conductivity of solutions of sodium dodecyl

sulphate, water was prepared by the use of a Vogel

and Jeffery^ still* tfhile water of various

specific conductivities, often below 1 gemmho, was

initially obtained, when it had come to the correct

temperature in the air thermostat, it reverted to a

value of about 2 gemmhos. The indications were

that this was a value for equilibrium with the carbon

dioxide inevitably present in the thermostat and

derived, it was thought, from oxidation of the

(1) Vogel and Jeffery, J.C.S., 1201 (1931).
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General.

The complex apparatus which the nature of the

present investigation necessitated was constructed

from its component parts "by the writer* When work

was started, apparatus of the type required was in

short supply and, although some of the equipment was

available as commercial products, It could not be

readily acquired. In other cases, no comparable

equipment had been made previously and here, of

course, there was no alternative but to construct#

Undoubtedly, the time-consuming nature of this

construction work left proportionately less time for

experimental investigations, but, when modifications

to the apparatus were required - these were many and

forced upon him - the writer had circuit diagrams and

the necessary knowledge of the "inner workings" at

hand, She costs, too, of what would otherwise have

been an expensive research, were reduced to a

minimum, extensive use being made of the large amount

of equipment, surplus to War Department requirements,

which, while of little value In its original state,

provided an ample store of components, especially

valves.

Pig, 1, is a photograph of some of the equipment

constructed.
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Fig . X.
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Temperature Controls

The difficulties of accurate temperature control are

multiplied many times in higjh-frequenoy conductivity

work, compared with Investigations at low * or audio

frequencies* She use of water as a thermostatic

medium, while having disadvantages at low
(1)

frequencies, is inadmissible at these high fre¬

quencies, where the glass walls of the conductivity

cell act, not so much as an insulator, hut as a

dielectric and produce an alternative path for the
I

high-frequency currents* The high-frequency losses

in a sub stance such as oil are by no means negligible

and there is little choice of material other than

air as a thermostatic medium# An air-thermostat

was therefore constructed*

The Thermostatic Tank* The thermostatic tank

employed in this work is shown in Pig* 2* It is

built mainly of aluminium sheets, 16 s«w#g*, secured

by brass screws on a framework of brass angle, one

inch broad and tapped with the appropriate thread*

This metal-work forms a very effective electrostatic

screen for the cell inside, making measurements

independent of body-capaoi ty effects*

Heat insulation is accomplished by an internal

lining of "uralite", a type of asbestos board*

(1) Jones and Josephs, J*A*C*S,, SO, 1049 (1928),
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Xnside the frame, where such a lining would he

difficult to fit, cotton wool (as shown in Pig, 12,

a view taken through the main thermostat door) has

heen glued for heat insulation purposes. As will

he seen from the photograph, Pig* 2, the doors are

hacked hy "uralite", Ihe main door (1) at the

front, which allows access to the cell, is mounted

on specially made hinges* A substantial overlap
4

between Oils door and the front of the thermostat

ensures that the former is reasonably air-tight*

Other doors permit ready removal of the circulating

motor (2) and access to the heating chamber (3)*
A small observation window at the front enables

the temperature of the thermostat to be observed on

an internally suspended thermometer* At the rear

of the thermostat a larger window provides general

illumination*

Circulating and Heating Systems. Por close control

of temperature, the air must be well stirred and

looal heating avoided* 3he heating source must not

be appreciably hotter than the surrounding material

and should preferably be separated from direct

contact with the air in the main chamber of the

thermostat*

Attention is paid to these points in the

specially designed circulating system (Pig. 3.)*



- 2J

F,g.3.



p

Circulating System.



-22-

Air passes front the main chamber of the thermostat

through a Y-shaped pipe (?) of perforated zinc (the
air-stream is broken up and thoroughly mixed by this

arrangement) into a oopper pipe which leads to the

heating chamber* There the air is drawn, by an

electric fan (?), oyer a heater (H)» made of nickel-

chrome wire wound on two mica strips crossed at

right angles, On its ejection from the fan-housing,

the air circulates oyer the rear of the motor,

cooling the portion containing the commutator.

Experiment JEhowed that such cooling was desirable,

considerable heat being generated by the friction of

the carbon brumes on the commutator, A copper

pip# (cross-section C.) conveys the air from the

motor chamber to the centre of the floor of the

thermostat? where it is returned, through a pipe of

perforated sine, to the main chamber.

Regulation. It was realised at the outset that the

air-thermostat would be difficult to control, The

high specific heats of a mercury regulator and of

normal types of heating system, relative to the very

small specific heat of the air, rendered the

temperature liable to fluctuate between wide limits.

Modification of the heating system, from a large

lamp to the type noted above, resulted in some



-23-

lmprovement dux control was etui far xrom satis¬

factory, It was obvious that the mercury regulator

required to gain too much heat in order to shut oft

the heater and to lo se too much heat before

switching it on again. This demanded an appreciable

temperature gradient between the regulator and the

surrounding air •» a condition which was inconsistent

with good temperature regulation*

It has been known for some time that the

resistance of a fine wire, which is supported so

that it is mainly in contact with the air and not

with the former, on which it is wound, can follow
(1)

rapid temperature fluctuations* The writer found

copper wire, (40 s»w*g« enamelled) wound on a

hexagonal coil-former, to be satisfactory for such

a controlling device.

Two methods are available to operate the relay

from the variation of resistance wi& temperature.

An alternating or a direot current bridge may be

employed. While the latter leads to greater
(2) (3) (4)

simplicity, much greater sensitivity can be

obtained by the former.

(1) Yates, J. Sol* Instr,, S29 (1044).
(2) Zabel and Hanoox, Rev. Soi. Instr., £,28(1934)*
(3) Hirst and Cannon, J, Sol* Instr., 20, 129 (1943)
(4) Wright, J. Soi. Instr*, 24, 258 (l9&0.
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The reason lies in the ability of valves to amplify

the out-of-balanoe alternating voltage supplied from

the Wheatstone alternating-current bridge*

Comparable amplification of a direct voltage is

difficult without introducing unnecessary complic¬

ations* Hence to obtain the sensitivity required

for sufficiently close control of temperature is the

present ln8tanoef an alternating-current bridge is

employed*

It is common practice with a.c* bridge-operated

thermostatic controls to Introduoe some form of

phasing-system so that the operating current through

the relay does not increase or decrease on either

side of the bridge balance-point but increases on one

side and decreases on the other* The phasing system 3
[D (2)

of Yates and Coates were attempted but the

regulator was found to operate most satisfactorily

without a phasing-vo 1 tage.

Despite the introduction of the electronic
(3)

regulator there was a distinct tendency to "hunt"*

mainly on account of the heating element being above
I ;r 1' J •ll- 11 ''mr' 1 ri ,x "- " ' E- """r riJ 'LI' IL '

{1} Yates, J* Sol* Instr*, 23, 229 (19461.
(2) Coates, J, SCi* Instr, r$L> 86 (1944?*.
(3) Hoselitz, J, Sei* Instr*» 2g, 96 (1945)*
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Thermostat Cooling.
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the thermostat temperature when the control switched

off the heating current. The heater was capable of

supplying a further quantity of heat sufficient to

raise the thermostat above the desired temperature.
i

This could only be overcome by some form of continuous
(1)

control. Coates recommends the use of a saturable-

core -choke or transformer but these would require
(2)

fairly large operating currents. Hoselitz intro¬

duced a system whereby the control was Shut off and
(3)

on periodically. Sunvic Controls Limited. in

their Electronic Proportioning Resistance Thermometer

have devised a system in which the ratio of time-on

to time-off of the relay (and henee of the heating)
is proportioned to temperature# The time of one

complete cycle of operation is 30 sees, which is far

too long to control the present thermostat properly.

Since none of the existing designs of control appears

able to regulate fee thermostat efficiently, a new

system was devised.

The Principle of fee Regulator. The relationship

between grid voltage and anode current (the mutual

characteristic) for a triode valve, is shewn in

Fig.4(a). If a relay is in the anode circuit, as

soon as the negative bias becomes small enough, the

Coates, J. Sol. Instr., 21, 86 (1944).
Hoselitz, J. Sol, Instr., 22, 96 (1945).
Sunvic Controls Limited, J. Soi. Instr., 24,
277 (1947).
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anode ourrent will bo sufficiently great to cause it

to operate and it will do so each time these condit¬

ions prevail provided that the duration of the

operating pulse is large compared with the time the

relay requires to open and close, She fraction of

the time the relay is closed to the time it is open

will thus depend on the fraction of the time the grid

is sufficiently positive, This fraction may he

varied as shown in Fig, 4 h, c and d, hy varying the

jsteady valve of the grid hias on which the periodic

fluctuation is superposed, Xf this steady value is

controlled hy the temperature in the thermostat, the

ratio of time-on to time-off of the relay can he pro¬

portioned so that the heat supplied to the thermostat

is just sufficient to maintain the desired

temperature,

A similar method of control of pulse-width

appears to have heen used in connection with Sig-
a)

nailing Equipment Ho, 10, As far as the writer is

aware, this method of controlling a thermostat has

never heen tried previously.

The Regulator, The circuit employed is shown in

Fig,5, and V2 amplify the eut-of-halance voltage
from the bridge which Is fcaaed hy the centre-tapped

(l) A description is given in Wireless World,
52 187 (1946,)
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secondary of T2and the resistor© and R2 and which
is supplied by a 50 e/s alternating voltage, about

5 v* in amplitude* Rg is a resistance-box whose
valve is adjusted so that balance is obtained just

.

above the thermostat operating temperature*

Initially* the bridge is out of balance and the

amplified voltage is rectified by the diodes of V3 *

The negative potential resulting is applied via R^
and Rj,4 to the grid of V3 whose anode current is out
off when the bridge is far out of balance* Under

these conditions* the heating is on and the relay

inoperative* Approaching balance, the negative
■

potential applied to V*3 rapidly diminishes, the anode
current rises and the heating is switched off* Fine

control of temperature may be obtained by varying the

gain of ^, by adjusting the value of the cathode
resistor VR.*

(J.)
74 is^a^ single val.e ti^aee a, ft. tnane-

itiron type which has been modified to produce a
(3)

positive-going saw-tooth waveform at the cathode *

The amplitude of the saw-tooth, which determines the

steady bias variation necessary for complete variation

in heating pulse-length* can be oontrolled by the

potentiometer VK *

(1)
2'

13}

Fleming-Williams, Wireless Eng., 17, 161 (1940),
Puokle, "Time Bases", 4th Imp, 4l"Tl945),
Cocking, Wireless World, 52, 176 (1946).
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Perfoxmanoe of the Control, The present instrument

Is capable of controlling the air thermostat to

about plus or minus one hundredth of a degree

Centigrade, provided the mains voltage is constant

to a few volts and the room temperature does not

vary within wide limits. Large variations of mains

voltage affect the voltage applied to the bridge

through Tg and are amplified by and
to combat these fluctuations the control is supplied

with current through an a.c. mains stabiliser,

though It would be better to supply the bridge portio

from an amplitude-controlled oscillator.

Much greater amplification could be obtained

from and Vg. This cannot be utilised in practice
since the balance-point obtainable with the present

bridge circuit is insufficiently sharp. The out-of-

balanoe potential, with full sensitivity, never

becomes small enough to make the negative voltage on

V"3 diminish, to allow the relay to operate, These
improvements could readily be effected but are hardly

necessary at present.

The regulator, in its present form, has proved

itself capable of overcoming the difficulties

involved in maintaining a temperature, sufficiently

constant for the present investigation, in the air-
thermostat.
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The Determination of Conductivity at High Frequenoy.

Choice of Method. In choosing a method of deter¬

mining high-frequeney conductivity, frequency range,

conductivity range, ease of operation and accuracy

have all to he considered.

On the hasis of the previous work of Sohmid and
(i)

Lareen , a frequenoy range of up to 25 megacycles

per second (Mc/s) was at first considered sufficient.

With a conductivity cell to the design of Sehmid and
(2)

Erkkila, a cell resistance of 3000 ohms was thought

to he a suitable lower limit. The transitron
(3)(4)

oscillator meets these requirements and is easy

to operate, since its amplitude of osoillation can he

controlled by a single potential, the control grid
(5)

bias. The coils are simple to construct and readily

interchanged for different frequenoy ranges.

As soon as the oscillator was complete, an

attempt was made to check the results of Sohmid and
(1)

Larsen on sodium dodecyl sulphate.

Alternative methods of operating the transitron

oscillator were available, one of which was based on

(1) Schrnid and Larsen, Z. f. Elektrochem, 44, 651
(1938) ~~*

(2) Sohmid and Erkkila, Z. f. Elektrooheta. 42, 737
(1936)

3) Brunetti, Proc. Inst. Had. Eng., 25, 1595 (1937)
4) Brunetti, Proc, Inst, Had. Eng., ffi, 88 (1939)
5) Williams, Wireless World, 50, 24111944).



-32-

flndlng the grid-bias voltage at which the tuned

circuit and conductivity ©ell (in parallel)
commenced to oscillate. By determining the appro¬

priate grid-Mas voltages for various solutions of

potassium chloride of known resistance in the cell*

the relationship could he established at a given

frequency* between resistance and grid Mas voltage.

If now the solution whose hi^h-frequenoy resistance

was to he determined was substituted in the cell* a

grid hias voltage could he similarly found at which

the circuit commenced oscillation and the corres¬

ponding hi^i-frequenoy resistance ascertained from

thiB relationship. An attempted confirmation of

Sohmid and Larsen*s work for 0,025 M sodium dodecyl

sulphate at 25 deg, C, completely failed, Shere

was* at most* a Email uncertain increase in the con¬

ductivity.

Although it was not clear that the method was at

fault, the following alternative method was tried,

fhe grid-hias voltage was kept constant at a value
(I)

permitting weak osoillations in the oirouit with

the oell connected and filled with potassium chloride

solution of known resistance, Ihe amplitude of

oscillation was measured hy a hi^i-frequency valve-

voltmeter (described later). Determinations of

(l) Deuhner, Bays. Z. jgO, 946 (1929),
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amplltude with other potassium chloride solutions of

different resistance enabled an amplitude ys. resis¬

tance graph to he drawn. The oscillation amplitude

with 0.025M sodium dodeoyl sulphate solution in the

cell was determined. The Yalue of the high-

frequenoy resistance derived from the graph again

failed to correspond to "that of Sohmid and Barsen.

Failure to account for these discrepancies on

the basis of inaoourate low-frequency determinations,

led the author to the conclusion that these workers

unwittingly used frequencies higher than those

reported. It was therefore decided to carry out

determinations at higher frequencies.

At these frequencies it is advantageous to adopt

the resonance method similar to that employed by
(1) (2)

Mizushima and by Sack, owing to the difficulty,

at higher frequenoies of maintaining oscillations in

a tuned oirouit damped by the resistance of the con¬

ductivity oell. Two separate circuits are required

for the resonance method, a high-frequency oscillator
'

and a resonant circuit with associated means of

measuring voltage across it.

The High-frequency Osofllator. For successful

operation of the resonance method, the high-frequenoy

oscillator must be of reasonable power, otherwise the

1) Hizushima, Bull, Chem. Soo. of Japan, 1, 47 (1926)
2) Sack, Hiys. Z,, 29, 627 (1923)
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Oscillator Circuit.

Lullard
EC52.

'

Ri | R2 \/z=:
C3
HH
m

h.

Mullard
EC52.

Filter Bex

r

TRRTk-T-/OT®N- H.T.'

H.T.
L.T.- CI

L.T.+

Ri = R2
Cx ~ C2
C3 ~ C4

10,000 ohms
CO pF.
25 pF. VCs = 160 pF.

Fig. 6(a)

Reaonant Circuit.

Cell m -j —
° 7 VCI VCi

Filter Bex

-'WT—r/08Vx—toti'-
i c2 Galvo.

L

1

Ci
C2

c3 = 50pF.
lOOOpF.

VCi = lOOpF.
VC2 - 10pF. Ri = 220,000 ohms

Fig. 6(b).
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voltage induced in the auxiliary circuit will he too

small for accurate measurement with a coupling between

them which is not excessive. This requirement was

met by using two valves in "pubh-pull", which had the

advantage of leading to virtual cancellation of the^ ^
high-frequency currents in the high-tension supply#

The valves chosen for the oscillator are VRIS?^,

the Service equivalent of iiullaxd EC52*s. They are

designed specially for use at ultra-high frequencies

and are stated to he capable of oscillation up to

400 Me/st thought in the present circuit, they were

employed up to 70 Mc/s only# When initially set up

the oscillator was found to be prone to "squegging",

a phenomenon which was readily detected by picking up

the hi$i-frequeney oscillation on the receiver

(described below)# A complete cure was accomplished

by reducing the grid resistors R^ and Rg (Pig. 6a)
to their present value.

Resonant and Detector Circuits. Separate from the

oscillator circuit is a tuned circuit composed of a

coil and two tuning capacitors in parallel. Since

tuning is very critical, one of these Is used for

coarse adjustments only and final adjustments are

carried out by the other. Both are connected to

(l) A full description of the circuit (Pig. 6a) is
given in Hartshorn, "Radio-frequency Measurements
by Bridge and Resonance Me$iodsM 4th. Imp., p.73
(1947).
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flexitole couplers which are actuated by Muirhead slow-

motion drives* The method of construetlon is

indicated in Fig* 7*

The coil, with which the cell is in parallel, is

loosely coupled to the oscillator* Coupling may toe

increased toy moving the latter on a slide of torass

angle (the lower portion of this slide may toe observed

on the thermostat wall in Fig* 7) towards the coil*

Occasionally, coupling was too close for the permitted

traverse of the oscillator* When this occurred,

coupling was reduced toy the insertion of an aluminium

plate, with a large circular hole in its centre, on

the underside of the oscillator frame*

The potential across the coil is determined toy

means of the diode D1 (Fig. 6b) which rectifies a

portion of the total circulating current, and this,

in turn, deflects a spot galvanometer* This

deflection is the quantity measured*
M

Precautions at Higher Frequencies* As Hartshorn

points out, it is advisable to Insert a high-frequ

choice in the high-tension supply lead, to allow for

slight inequalities in the operation of the two

valves. In addition to this choke chokes L3 and
L were inserted in each filament supply lead to

4

eliminate unwanted couplings between valves,

(l) Hartshorn, loo, pit.



-38-

At frequencies greater than about 20 Hc/s, even

the shortest leads possess lnduotanoe and leads which

apparently run direct to the chassis ("earth*) may

affect the operation of the circuit profoundly* To

reduce these possible troubles to vanishing point and

to confine the high-frequency currents to the chassis

round the valve-base, two insulated, silver-plated

brass rings were fitted concentrically with both valv^-
bases. All "earth" leads were taken to these rings

ID
which were connected to chassis at one point only*

Even with all these precautions, slight changes

in galvanometer deflection (measuring voltage aoross

the resonant circuit) were noted when the operator

touched certain leads* An aluminium screen, inserted

between the oscillator and resonant circuits did not

reduce this deflection to zero, proving that coupling

was taking place by means other than through the

tuning coils* A complete cure was effected by

inserting filter units, composed of small high-

frequency ohokes and by-pass capacitors in separate

oompartments of aluminium screening boxes, in all

leads (other than "earth* leads) in the oscillator
(2)

and resonant elrcuits* One of these filter units,

(with the lid removed for purposes of the photograph)

(1) Zepler, "The Technique of Radio Design", 3rd.
Imp., Chap. 8., 183 (1945)

(2) Beattie and Kni^it, Wireless World, 50, 66 (1944),



3S

X.



 



-40-

may "be seen "below the resonant circuit in Fig# 7,

The precautions enumerated, together with the

method of mounting on the thermostat wall, resulted

in complete freedom from any effect due to the

proximity of the operator and rendered unnecessary

any of the methods of remote control adopted by some

workers.

Coils, A selection of the coils used is illustrated

in Fig, 8, These coils are of the interchangeable

plug-in type, to enable the apparatus to work over a

wide frequency-range. The only difficulty exper¬

ienced was corrosion and faulty contact of the pins,

a difficulty which was overcome by periodic cleaning

with fine emery paper.

Frequency-determining Equipment, From an examinatio

of the experimental results, it will be appreciated

that, because of the nature of the conductivity/

frequency relationship, accurate determination of

frequency is a very essential requirement, She

equipment, shown in Fig. 9, consists of three distinc

parts, a receiver, a converter and a calibrating

oscillator.

The calibrating oscillator, seen immediately

below the receiver in Fig, 9, consists of a 100 kc/s

crystal-controlled oscillator and harmonic amplifier

with optional low-frequency modulation. The harmon¬

ics of this oscillator can be detected by the
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receiver up to at least 10 Mo/s (the 100th) and serve

to calibrate the receiver in this way. Accurate

setting of the receiver, which 1b an R11S5 (an Air

Ministry type) is facilitated by observation of the

diminution of shadow-area in the "magic-eye* tuning

indicator with which it is equipped.

The converter, an Air Mini stay Type 26, tunes

over the frequency range 50 to 66 Mc/s and provides

an output at 7,5 Mo/s which is detected by the R 1155

receiver, tuned to this last frequency.

Calibration, Receiver, converter and high-frequency

oscillator were switched on for about thirty minutes

prior to oalibration, For frequencies up to 10 Mc/Si
calibration of the receiver with the calibrating

oscillator is straightforward, the settings at which

the harmonics of the 100 ko/s oscillator are received

with maximum strength being noted. For frequencies

between 10 and 18 Mc/s, the limit for the receiver,

the hi^i-frequenoy oscillator is tuned to frequencies

of 5,5, 6, 9 Mc/s by picking up the appropriate

harmonic of the calibrating oscillator on the

receiver and altering the high-frequency oscillator

tuning until zero beat is obtained. When receiver

tuning is changed, the corresponding second harmonics

can be detected at 11, 12,,...,.13 Mo/s,

In a similar manner, the converter may be cali¬

brated by receiving the weak higher harmonics of the
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hlgh-frequency oscillator, which, when set at say 11

Mo/s will give signals detectable at 55 and 66 Mc/s
on the converter scale#

There exist frequencies for which these methods

are inapplicable. For a frequency of 35 Mo/s, for

Instance, there is no corresponding point on the

main receiver or converter scales. In this case,

the high-frequency oscillator is set to 17,5 Mc/s
with respect to the receiver, the coupling between

the high-frequency oscillator and resonant circuits

is increased and, with a suitable coil in the resonant

circuit, a setting of its tuning capacitors can be

found which produces a small but readily detectable

galvanometer deflection. The resonant circuit is now

at 35 Mc/s, the second hazmonle. If the oscillator

coil is now changed and the coupling substantially

reduced, a much larger deflection is observed when the

oscillator also is exactly tuned to 35 Mc/s, The

oscillator setting is noted.

The methods outlined above enabled the frequency

of the oscillator to be ohecked at intervals of

about 2 Mc/s over the range 9 to 70 Mc/s,
Conductivity Cells for High Frequencies, Photographs

of the two cells for use at high frequencies (Figs,
10 and 11) reveal that these are similar in construc¬

tion and are both supported on glass stands which fit
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the same base* Each has a filling tube, a levelling

tube, with a fine mark to reproduce levels, and a tap

by which each may be emptied. She bore of the

central tube is large enough to accommodate the grey

p&atinum electrodes which are 1 cm. in diameter. In

the first cell, Fig, 10, these are 10 cm. apart and

in the second, Fig. 11, only 1 cm. The former cell
(1)

is a duplicate of that used by Schmid and Larsen,

A further cell (3) used to facilitate low-

frequency measurements is of normal construction and

will not be described in detail.

Cell Mounting and Conns ctions. Fig, 12 is a view

taken through the thermostat door with cell (1) in

position. Spring crocodile clips, attached to short

leads which are, in turn, brought through the ther¬

mostat wall by large "frequentite" insulators, make

connection to the plates of the cell. This compact

assembly which requires extremely short leads, is

well illustrated by Figs, 12 and 7, views of opposite

sides of the same thermostat wall,
'

, • ■

High Tension Supply. Good reproducibility of the

high-tension supply voltage, of the order of 70 volts,

is absolutely necessary to fix the oscillator output.

This voltage is obtained from the mains by the power-

pack, described below, whose circuit is shown in Fig,j.3.

(1) Schmid and Larsen, Z, f. Elektrochem., 44, 651 (1938)
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(b) (a)

StaoiliaingandRectifyingUnit,
Fctertial-dividmgUnit

CsranPXU5Ccfasor4iil.F.
Bri

R2

CA,c2-j-6microy. C3-2nicrcF. C4,C5,CG-omicroF.
Ri,Rii-C.5megohms. R2-L,2megonma. R3-2C,iCOcuma. R4,Rx2""1C,CCCCiiiiiw. VR6-ILjOGC(.iin.a.
H5»VR^>RiU" -CcCclima. R?-£.imegchms. R,3-tCCcnr.s.



The oafeode of the controlling valve V3 is main¬
tained at a practically constant potential "by the neon

■

lamp. The grid voltage for V3# obtained from a
potential-dividing network across the output from the

stabilising and rectifying unit# is of such a value

that normally the grid is sli^xtly negative wife

respect to the cathode. An increase in the output

voltage, whether brought about by an increase in mains

voltage or a decrease in the current supplied to the
...

load# causes the grid to become relatively more
.

positive. The anode current of V3therefore increases
and causes a larger voltage drop across the anode

load resistor. This increased voltage drop is

applied to the grid of V2# whose anode current
decreases. The voltage drop aoross V2 corresponding
increases# decreasing the voltage externally availabl

and compensating for the original voltage rise.

Switch Sg, when closed# raises the screen-grid and
control-grid potentials of V3 and increases its anode
current which produces a greater bias on V2 3X1

increased voltage drop across this valve# so feat the

output voltage Is very much diminished.

Unfortunately, fee voltage derived from the

stabilising and rectifying unit cannot be less than

the striking voltage of fee neon lamp incorporated in

fee cathode oircuit of V3. To overcome this diffic¬
ulty# a potential dividing unit was constructed.
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The unit operates in the same way as the stabilising

circuit except that accurate control of the output

voltage is obtained by varying the cathode voltage

of the grid voltage being fixed. Component

values for the unit were arrived at by experiment#

As shown by the circuit diagram (Fig. 13} of

both units* the heater voltages for two valves are

derived from individual windings on transformers}

for the other two better results were obtained by

supplying heaters from accumulators. A common

heater supply for all valves v5 inadmissible
because their respective cathodes are at a hi#

potential above "earth1* and there is a strong possib¬

ility of breakdown of the heater-cathode insulation.

The units described do not provide perfect

stabilisation but the voltage can always be manually

adjusted to an accurately reproducible level. . Bette

and more elaborate circuits have been developed
(1)

recently.

Low Tension Supplies. A 6 volts supply, for the

oscillator valves and the voltage-measuring diode of

the resonant circuit, was provided by three two-volt

accumulators. Hi#-frequency filters, which have

already been mentioned, were inserted in the positive

leads to the oscillator valves and the diode to

eliminate unwanted coupling between their respective

(1) Scroggie, Wireless World, 54, 373, 415, 453 (1948)
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eircuits.

Resonant Circuit and High Tension Voltage Indicating
3/stems.

'Ihe high tension voltage must he reproduced at a

given value each time the resonant circuit galvano¬

meter deflection is to he read. After many

experiments had heen performed In which these quan¬

tities were determined hy different instruments, the

author conceived the idea of projecting hoth deflec¬

tions on the same scale so that they oould he read

simultaneously. Higher accuracy and greater speed

resulted.

The metre scale, with both spots in representati

positions is shcwi in Fig. 14.

To obtain comparable deflections, a minute

fraction of. the high tension voltage is all that is

required. The voltage dividing network of Fig. 15

accomplished this object admirably. During experi¬

ments the higfc-frequency oscillator was switched off,

by interrupting the hi^i tension supply, in order to

determine the resonant circuit galvanometer zero.

The high tension system, however, remained on and

its galvanometer therefore continuously deflected,

eliminating any necessity for determination of the

zero.
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Fig. 15.



otal high tension
voltage

100,000 ohms.

Galvc.

Shunt.

high tension voltage-
indicating galvanometer

Voltage dividing network for high tension voltage

indicating galvanometer.
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The Determination of Conductivity at Low Frequency.

Although the problems associated with the determin¬

ation of conductivity at low frequencies have been

extensively treated elsewhere (in particulart the
,d)

work of Jones and co-workers}# they reappeared in an

accentuated form when high resistances had to be

determined in the present work*

With the conventional slide-wire bridge and

ordinary resistance boxes, it is practically impossibj.

to obtain a sharp minimum at these hi$i resistances#

A further difficulty arises because the normal type

of bridge possesses a low resistance and cannot be

used with advantage with the oeat-frequency oscillator

(described below), as the optimum load for. this

instrument is of the order of thousands of ohms#

In view of these considerations, a low-frequency

bridge was specially constructed, consisting of a

large, circular# wire-wound potentiometer of 3000 ohms

resistance» connected at each end to a 2 watt carbon

resistor (5000 ohms)#
As carbon resistors have an appreciable temper¬

ature coefficient# this may be considered open to

oriticism, but the bridge is always used at ratios

not far from unity, when such resistance changes tend

to cancel out both in the resistors themselves and in

(i) Jones and co-workers, J.A.6.S., 1649 (1986),

fl# 2407 (1929), 53, 411, 1207 (T§3l), 55, 1780T933) 57, 272, 2§0 (19 35), 59, 731 (1937) and
62, 2919 (1940)#
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the potentiometer, A scale (which can he calioraxea

directly in ratios) is mounted "beneath the potentio¬

meter control knob,

Despite the use of this form of bridge, good

balance-points could not be obtained when the resis¬

tances in the arms of the Wheatstone netwoik were

greater than 1000 ohms (provided by the ordinary type

of resistance box) • It was noticed that the balance-

point was always better using the "hundreds" switch

set at "10" than with the "thousands" switch set at

"1", 5his was taken to mean that capacitances in
I

the re si stance ^box were responsible for the poor
balance-point, (the capacitance with many individual

resistors in circuit is less than with a single large

resistor of similar value, because of physical separ¬

ation), When a variable air-capacitor was put in

short with one of the resistance boxes (the exact one

being determined by experiment), as in Fig, 16, an

excellent balance-point was obtained up to values of

10,000 ohms.

On substituting the "ten-thousands" switch set

to "1" for the thousands switch set to "10", in an

ordinary resistance box, the capacitor in the oppos¬

ite arm of the bridge had to be increased to about

2000 pF, from about 100 pF previously necessary for a

good balance-point.

(l) Jones and Josephs, J,A.C,S,, 50, 1049 (1928),
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To minimise the effects of capacities in the

resistance boxes at still higher resistance values,

a small resistance box was built up of small resistors

of the type employed in radio receivers. These have

minute dhunt-oapacitance and behave excellently over

tlhthe entire audio -frequency range (Terman )• Unfor¬

tunately, the small temperature coefficient of the

resistors is not negligible and their powers of heat

dissipation, because of their small size, are low.

The former difficulty can be overcome by calibration

using direct current immediately after use in the

alternating current bridge) the latter does not arise

as the current through the bridge is extremely small.

The need for very frequent calibration is a

disadvantage and, while for resistances greater than

20,000 ohms the carbon resistors were always used,

for the bulk of measurements between 10,000 and 20,000

ohms a specially wire-wound resistance of negligible

temperature coefficient was employed in series with an

ordinary box for subdivision. The wire on this

special resistor was seotionally wound, on a flat

"tufnol" strip, in twenty slots (to minimise capacity

effects) with reversal of the direction of winding at

each slot (to cancel inductive effects).

Both the bridge and the resistors were calibrated

(l) Terman, "Radio Engineers Handbook", 1st Ed. 41 (1943)
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The Phase-splitter.
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against standard resistance ooxes iaccuracy better

than 1 in 1000) with direct current. The indicating

instrument was a Cambridge spot galvanometer.
(1)(2)

A Wagner ground of the type ueed hy Jonas
(S)

mid Josephs was incorporated in the bridge. The

symmetrical form of the output circuit from the

oscillator {described below) renders the us© of such

a ground hardly necessary.

The Low-frequency Source. A beat-frequency oscillator

(B.P.O.) provides the source of low-frequency

oscillations to energise the bridge. As pointed
(4)

out by Terman , a properly construeted beat-

frequency oscillator has practically sinusoidal

waveform and an output independent of frequencyt

which in turn can be readily controlled. For the

present work* the fact that large ranges of frequency

can be covered rapidly, facilitates testing of

resistance boxes and the low-frequency bridge itself

for frequency dependence and enables the frequency

appli ed to the bridge to be oho sen at will.

The oscillator itself {shown schematically in

Fig. 17) which was specially constructed and modified

for the present work, consists of two high-frequency,

(1) Taylor and Aoree, J.A.C.S., j58, 2396 {1916).2) Morgan and Lammert, J.A.C.S., 48, 1232 (1926)•
3, Jones and Josephs, J.A.C.S., 50, 105S (1923).
4) Terman, "Measurements in Radio Engineering", 1st.

Ed. 298, (1935).
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"Is)

HJ
resistance-stabilised oscillators (Texaaa ) of

about 100 be/s* whose oscillations are combined in a
(2)

triodc-hsxode miner valve * The resultant beat*

note* from which Hie high-frequency components

removed by a fliter» ie passed to a "phase-spll iter*

in order to obtain a symmetrical output* This

markedly improvee the Sharpness and accuracy of the

balance-point*

As shown in Fig. 18* the filtered* audio¬

frequency voltage is applied to the grid of the

splitter valve* The resulting fluctuation® in

current produced in the equal resistances ft and R »
12

give identical voltages at the anode and cathode of

the valve* Those* however* are opposite in phase*

since the anode becomes more negative and Hie cathode
»

mere positive* as the grid becomes more positive*

The potentials are applied to the bridge via the

oapaoltors G1 and 0*
Calibration^ Despite the f&ot that no frequency-

dependence of conductivity oould bo established at

low frequencies* it was considered desirable to

calibrate the e so ilia tor and always determine the iow-

froqusnoy conductivity at 1000 e/s*

(1) Torman, •Measurements in Radio Engineering"*
t 1st. m, S83 (ms)*

(2) aoroggie* "Radio Laboratory Handbook" * 2nd M* 51.
(3) Puoklot "Time Bases", 4th lap. 115 (1945).
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For calibration purposes, the mains 50 o/s
• -

voltage (through a transformer) was made to describe
(1)

a circle on the screen of a small cathode-ray tube*

The output TOltage from the beat-frequency oscillator*

applied to the grid of the cathode-ray tube modulated

the brilliance of the trace* A stationary circle

composed of epe&e was observed whenever the B.F.O*

and mains voltages were simply related. The

relationship, number of spots X 50 frequenoy, was

used to calibrate the B.F.O. at every multiple of 50

c/s* j
The Bridge Balance-nolnt Amplifier. Headphones

normally funotion as bridge balance-point detectors

but, with high resistances it becomes difficult to
(2)

hear the very weak sounds, especially if other

apparatus, causing even a small amount of sound, is

in use.

Transformer-coupled amplifiers were employed by

early investigators to obtain high ampliflcation but

the rapid improvement in values in recent years

renders transformers unnecessary and resistance-

capacitance coupling has been employed throughout the

present amplifier* A great advantage gained is that

such an amplifier has a more uniform response wl th

(1) Teiman "Measurements in Radio Engineering"
1st. Ed, 328 (1935)

(2) Glasstone, "The Electrochemistry of Solutions",
2nd Ed. 59 (1937)
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(1)(2)
different frequencies and practically immune

from stray pick-up troubles,

A symmetrical input circuit was tried, similar
(S)

to that used in biological amplifiers, but seemed

to be influenced unduly by the stray capacitances
(4)

associated with the bridge, A symmetrical input

transformer was substituted, with complete success,

Bie present amplifier, constructed on conventional

lines, is a three-stage, mains-driven type and will

not be described in detail,
■

■ •
. : '

Even with the use of an amplifier, the sensitivity

of indication with headphones or loudspeaker is

markedly diminished at extreme audible frequencies

and in the presence of extraneous sounds, A visual

indication of balance is better in this case and is

provided by a valve voltmeter which measures the

output voltage of the amplifier.

The Valve Voltmeter, The main object of the valve

voltmeter was to provide a visual indication of

balance but, on occasions, the need arose for a very

sensitive indicator of the presence of high-frequency

Hall and Adams, J,A,C»S,» 41, 1515 (1919),
Jones and Bollinger, J,A,c7s., 51, 2407 (1929),
Paraum, Wireless World, 51 337, 375 (1945).
Aetbnry, J. Soi. Instr., 17, 25 (1940).
Ford and Bousman, Gen, Elect, Rev,, 37, 224 (1934)

1
2
3
4
5
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Fig.19.



The Valve Voltmeter.

Internal
Pr obe.

R

0
O

Heaters/ Lazda D
External

Probe

R1.R2.R3.R4. 8megohms•
R5,R6. 10,000 ohms.
VR7 25,000 ohms.
R8 . 400 ohms .

R9,Riu. R11 - depend on
valves .

Ci
C2
C3
C4
c.,

0.1 microF.
0.01 microF.
100 pF.

pF.
6 microF.

100
c 6

3i Range switch.
52 Int./Ext. meter swit
53 L.F./D.C./H.F. switc
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osclllations# At these times, the adaptability of

the instrument for this purpose, was an advantage,

Examination of the design of the circuit, Fig,19

shows that essentially and are in opposite aims

of a Wheatstone direct-current bridge, She anode

resistors, Rg and , together with the zero-setting
resistor , form the remaining two arms. Bias is

obtained for both valves by the voltage drop in the

common cathode resistor R0. The meter (f,s,d, 1 ma,)
O

may be zeroed by adjustment of VR until the anode

potentials of and V2 are identical. After a

preliminary warming-up period, the meter zero remains

steady, since changes in supply voltage, which are

minimised by the voltage stabilising neon tube, cause

practically identical changes in the anode potentials

of and V^, Range-switching is effected by
changing the meter series resistor. The alternative

ranges are, a "safety range, a 5 volts range and a

1 volt (approx.) range} either alternating potential

(with diodes in use) or steady potential,

A switch enables the internal meter to be dis¬

connected, permitting an external indicating instrument

of higher or lower sensitivity to be employed.

For low-frequency work (function switch in

position l) an internal diode, Vg , is connected in
the grid circuit of V^, Rectification of the vol
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by the diode results in a potential drop across the

high load-resistor R-j^ and this potential is applied
to the grid of V via a filter composed of R and C ,

J- c* (ZJ
I

2he increase in negatir e "bias on V decreases the

anode current and the anode potential rises, producing

a deflection on the milliammeter.

For hi$i-frequencies, {position 3 of the function

switoh) an external diode V4 replaoee Tg.
Steady potentials can be measured by direct

connection to the grid circuits of either Y^ or V^,
the function switch being in position 2*

Resetting of zero is necessary if the function

switch is altered because of minute "standing"

currents in fee diode load resistors. This phenomenon

has been mentioned already in connection with the

high-frequency apparatus.

Basically equivalent circuits to the present one
(1){2)(3)

have been previously described, but fee

various circuits differ widely In detail.

Performance of the Low-frequency Equipment. Most

investigators of low-frequency conductivity have theitf

preferred methods and equipment but from the exper¬

ience gained by prolonged use of fee instruments

described above, the author considers that their

performance leaves little to be desired. The limit

(l) Turner and Macnaraara, Proo, Inst, Had. Engineers,
18, 1743 (1930),

12) Lemrd, Wireless World, 50, 162 (1944)•
(3) Hartshorn, "Radio-frequency Measurements by 3ridge

and Resonance Methods", 4th Imp, 90 (1947)
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to higher accuracy is act imposed by them hut hy the

accuracy of the reel stance hex*

The balanoe-point do termination is visual and

though detection of the balance*point is axtreacly

sensitive* no damage at all can he caueed, however

far one may he from the minimum* She present method

is the #|ual« at least* ef that employing a cathode-
ray tube and has the advantage of lower initial

eoat*

(1) Jones and Prendergast* J«A*C*S,» §g, 29X9 (1940)



- 66 -

Subsequent Modifications.

In an effort to improve the performance and

ease of operation of the equipment previously described,
certain modifications were carried out.

A thermistor (Standard Telephones and Gables,

Type F2311/300) was substituted in the very late

stages of this work for the former wound with copper

wire, whose resistance variation controlled the air

thermostat (p.23). These thermistors have a very

much greater temperature coefficient of resistance

than metals and their small size makes response to

temperature changes extremely rapid. The use of the

thermistor very greatly reduced a tendency for the

thermostat temperature to rise when frequent opening

of the thermostat door took place during measurements

owing to the influx of a cold layer of air which

affected the controlling copper coil.

Frequent interchanging of the high-frequency

coils eventually resulted in the base connections

becoming opened out and faulty connection being ob¬

tained (p.40). Spade connections on the coils and

screw terminals on the resonant circuit assembly were

eventually substituted. A connecting wire passing

through the metalwork of this assembly was secured

rigidly in an insulating bush instead of lying loosely

in a rubber gromraet. Connections to the conductivity
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cell were made by screw clips in place of the spring

clips described on page 46.

An improvement in the- performance of the high-

tension voltage supply system was obtained by the

substitution of a stabilising tube American Type

VR105/30 for the neon lamp (p.48). Resistance Rj_,

Fig.13, was reduced to 40,000 ohms.

Zt was found possible to increase the grid

resistors Ri and % (Fig.6a, p.35) to 20,000 ohms

without the oscillator being subject to "squegging."

In consequence of a somewhat greater high-tension

voltage being applied to the oscillator, the high

tension indicating galvanometer shunt ratio was

increased and galvanometer zero made independently

determinable by a separate switch. This was found

necessary despite the statement on p.51 owing to a

periodic variation in the zero caused by a thermal

e. m»f.

To reduce non-linearities in the current/defloctipn

relationship of the resonant circuit galvanometer a

scale, of radius of curvature 1 metre, replaced the

straight scale employed previously (Fig.14). This

lad the additional advantage of maintaining the spot

more accurately in focua at all deflections.
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Experimental Procedure.

Low-frequency Measurements. For these measurements,

solutions were made up at room temperature in grad¬

uated Pyrex flasks, previously calibrated by weight.

The volumes of these solutions were corrected to 25

deg.C., on the assumptions that the temperature-

coefficient of expansion of the solution was that of

the solvent and the expansion of the flask was

negligible for the small range considered.

iVhen measurements were contemplated, the

thermostat was switched on for at least three hours

previously. The conductivity cell, in position as

shown in Fig.12, was rinsed several times with the

solution and then filled to the reference mark on the

levelling tube. The beat-frequency oscillator, set

to zero output, the amplifier and the valve voltmeter,

set to "safety," were switched on ana, before

measurements were attempted, ths bridge unity-ratio

position was checked. Equal resistances were put in

opposite arms of the bridge, the B.F.O. output control

turned up and the bridge control knob adjusted for an

approximate balance, shown by a decrease in the valve

voltmeter reading. At this stage, the balancing

capacitor C^, (Fig.16) adjusted for minimum capacitance,
was connected across each resistance box in turn, a

large crocodile connecting-clip facilitating this
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procedure. Where a alight drop was observed in the

valve voltmeter reading, the clip was firmly attached,
and the capacitance increased until an approximate

capacitance balance was obtained. Bridge balancing

was completed by switching the valve voltmeter to a

more sensitive scale and readjusting bridge control

and capacitor successively until a sharp minimum in

the valve voltmeter reading was achieved.

With the B.F.O. volume control at its minimum

and the valve voltmeter switched to "safety," the

resistance boxes and balancing capacitor were inter¬

changed. On returning the volume control and valve

voltmeter range-switch to their previous positions,

the bridge balance-point setting should be identical.

Any departure from the previous position must have

been due to alight inequalities in the resistance

boxes. The bridge should then be set to a mean of

the readings already determined.

If the conductivity cell replaced one of the

resistance boxes, a standard box being in the opposite

arm, at balance, the cell resistance equalled the box

resistance, when capacitance balance also had been

found. The cell resistance was periodically deter¬

mined in this manner until, after a period of about

two hours by which time it had attained the tempera-

lure of the thermostat, its value was constant.
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Cell Constanta. The cell constant of cell (1) (Fig.

10) was determined by means of 0»1 and 0«01 "denial"

solutions of potassium chloride. These solutions

contained 7*4789 gms. and 0*7463 gms. of potassium

chloride in 1000 gms. of water. Moderately good

conductivity water, specific resistance about 0*5

megohm was employed, the water being added to the

potassium chloride in a weighed, clean and dry, litre

flask. The values of Jones and Bradshaw^ of

0*012856(0) and 0*0014087(7) for the specific

conductivities of these solutions were adopted in

preference to the earlier figures of Parker and

Parker!2^ Hie specific conductivity of the calibrat¬

ing solutions was corrected for the specific conduc¬

tivity of the water employed.
*

To maintain high accuracy, the cell constants of

cells (2) and (3) were determined from that of cell (1

by measuring the cell resistances with the same weak

potassium chloride solution of arbitrary concentration

k further check for cell (3) was provided by the

iuplication of results using the same solution of 0*01

If sodium dodecyl sulphate.

High-frequency Measurements. At high frequencies,

one is compelled to modify procedure. Results must

(1) Jones and Bradshaw, J.A.C.S., 55, 1780 (1933).
(2) Parker and Parker, J.A.C.S., 46, 312 (1924).
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be relatively more rapidly obtained if accuracy is

not to suffer from slow changes which, while

immaterial over periods of about an hour, affect

observed deflections over much longer periods. It

is advisable, therefore, to have all solutions at the

correct temperature before measurements commence and

confine manipulation to within the thermostat.

Two potassium chloride solutions, whose low-

frequency resistances differed by about Z>% and another

solution whose high-frequency resistance was to be

determined (the "unknown") were brought to 2S°C.

quickly in a small water thermostat which was also

employed to adjust volumes so that molarities of

colloidal electrolyte solutions were correct at this

temperature. The corrections noted above in the

low-frequency case were thus rendered unnecessary.

All three solutions were transferred to the air

thermostat and left for a further three hoiir period.

In the meantime, all low-frequency and high-frequency

equipment was switched on with the exception of the

aigh-tension supply to the oscillator. This period

allowed the oscillator low-tension supply in particular

to become steady and was very desirable if these

accumulators had been freshly charged.

About half an hour previous to measurements being

taken the high tension voltage was applied to the
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oscillator with the requisite coil plugged in. The

voltage itself was adjusted to give a standard

deflection on its indicating galvanometer, attention

being paid to the galvanometer zero setting. At

the end of a further 10 minutes, during which time

the oscillator components had reached operating tem¬

perature, and the frequency had become very stable,

the oscillator was accurately tuned to the desired

frequency. The conductivity cell, connected across

the resonant circuit equipped with the correct coil

was washed two or three times with one of the potassium

chloride solutions, and then filled to its reference

level. At first by means of the coarse, and later

by means of the fine tuning capacitors, the resonant

circuit was adjusted to attain peak deflection of the

resonant circuit indicating galvanometer. A

deflection of about 60 scale divisions was generally

employed. If the deflection was smaller than this,

coupling between oscillator and resonant circuit was

increased by moving the oscillator down the guide-

rails on the thermostat wall. If the deflection was

too large the reverse procedure was adopted.

Occasionally, when the deflection was still too great

to be reduced by the permissible traverse of the

oscillator, an aluminium plate with a large hole in its

centre was inserted between oscillator and resonant

Circuit. Since the proximity of this plate to the
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oscillator coil slightly affected the frequency

generated, frequency rechecking was advisable. In

all cases the oscillator was securely clamped in its

new position. When the high tension voltage had

been ascertained correct, the resonant circuit galvano

raster deflection was read, the oscillator switched off

and the galvanometer zero found. The original

deflection was generally restored when the oscillator

was switched on again. This question is dealt with

later.

On completing the procedure described above, the

conductivity cell, disconnected from the resonant

circuit, was reconnected to the low-frequency con¬

ductivity bridge and the cell resistance at low

frequencies determined. Replacement of the resonant

circuit connecting leads should again reproduce the

original deflection. With at least two rinsings,

another solution, this time the "unknown," was sub¬

stituted in the conductivity cell. The deflection

and low-frequency resistance were determined as before

the resonant condition being adjusted by the fine

tuning capacitor, if necessary, to compensate for the

dielectric constant of the fresh solution, if different

from that of the calibrating solution. A further

experiment with the remaining potassium chloride

solution completed the set of measurements.
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Calculation of Results. From the two deflections

measured with the potassium chloride solutions and

their corresponding resistances, the gradient of the

deflection versus resistance curve can he ascertained.

Knowing the deflection obtainable with the solution

of unknown high-frequency resistance, its resistance

value at high frequency can be found. The accuracy

of this method depends on the validity of the

assumption of a linear relationship between deflection

and resistance over the small range considered and

this assumption will be considered later.

If A and Ao are the equivalent conductivities

of the unknown solution at angular frequencies <*> and

zero (the latter assumed identical with the low-

frequency conductivity value), the required fraction

is 100 -A co - -A0 . On the erroneous assumption that
-Ao

the observed deflection for the unknown solution gives

a high-frequency resistance (R^.) for that solution
t >LUL \

equal to the low-frequency resistance (Hq ) of the
potassium chloride solution for the same deflection,

we can equate this fraction to 100 RQ * B0
He

being the low-frequency resistance with the "unknown"

solution in the cell. Now, since the high-frequency

(1) Schmid and Srkkila, 2. f .ISlektrochem., 42, 740
(1936).
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resistances of the potassium chloride solutions are

not identical with their low-frequency values, it is

necessary to correct theoretically for the increase

in conductivity of the potassium chloride solution

at the concentration and frequency in question!1^
Theoretical Basis for the Calculation. If and

Ji0 are the equivalent conductivities of a given

solution at high and low frequencies respectively,

the required "high-frequency effect" as a percentage

is 100 "A * Since ® JW and -A0 « K0-^ ,

-A0
where JC^ and K0 are the specific conductivities
of the solution at high and low frequencies and ^

is the volume in c.c. containing a gram equivalent of

the electrolyte, the "high-frequency effect" equals

*°0 cancels). Further, if K = C^
K0 R~

and K0 « Co where C^ and 0o are the apparent
R0

cell constants at high and low frequencies, we can

write 100 K^ - Kp equal to
K0

, Co
100 R„

Cc
Ro

With change in frequency, the capacitative part of the

cell impedance is experimentally compensated (by

retuning to resonance) and, since the cell constant is

independent of the resistive part, C^ can he put equal

to CQ. The required "high-frequency effect" becomes

(l) Falkenhagen, "Electrolytes," 228.
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equal to 100 R„ -Re, as found by Schmid and

Erkkila, (loc.cit.).

The Potassium Chloride Correction. It has been

mentioned already that the high-frequency resistance

of the unknown solution (R^,) has been taken equal to

the low-frequency resistance of the potassium chloride
. K<-£ v

solution (Rc ). Owing to the significant dispersion

of the conductivity of potassium chloride solutions,

this when substituted in the expression Rn - Ru»

(the factor of 100 being omitted for convenience)

gives the apparent "high-frequency effect" equal to

Ro *n fact, the measured high-frequency
o

deflection for potassium chloride depends on its
KUi

high-frequency resistance R^ . The true "high-
» M

frequency effect" is thus Ro - Rm. The difference

between true and apparent effects is the correction

to be applied.

Phis correction is, in any case, small (a maximum of

over the frequency range considered) and, since
Kce.

:i
a in no case differs from R0j by more than about

the correction is approximately equal to

i.e
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«a i£(j>
Ro » , which can readily be shown to equal

R,

l£(C

-4-u, - JL*
317*—

Calculation of the Correction. For the corrections

at 25°C., the equivalent conductivity of potassium

chloride^1^is plotted against concentration at this

temperature. Taking an average resistance value for

a given set of results, an average concentration can

be determined fairly accurately by two successive

approximations (since the resistance of a solution in

a cell is dependent on the concentration and this

affects the calculation of the equivalent conductivity

also, though to a small extent in the case of potassiuta

chloride). The relaxation time, 0, can be found

from the formula!2^ q s 8*85 x 10*^
where jDq is the dielectric constant of the solvent,

V* is the concentration in equivalents per litre and

is the equivalent conductivity of the potassium
oJfc dJLJXor^

chloride, all at the temperature concerned. For the
A

various frequencies under consideration, the product

co 6 can be ascertained. From Table 31 (Falkenhagen,

loc.clt.) a graph of 9 against -A.,*, , where JLtU3
—o

and JLlo are the contributions of the "relaxation"

effect to the lowering of the equivalent conductivity

at frequencies ^ and zero, enables this ratio to be

(1) International Critical Tables, 6, 234.
'2) Falkenhagen, "Electrolytes," 213.
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determined at the frequencies in question

Multiplication of (1 - ) by-yi,0^Ogives the actual
-» o

increase in conductivity -A(t, -division of this

value by -A , the equivalent conductivity at low

frequency and subsequent multiplication by 100 gives

the required correction.

The calculation of the correction for the results

at 35°C. was made more difficult by the absence of

conductivity data for potassium chloride at this

temperature. Values were obtained graphically from
12)

the conductivity data at various temperatures.
A

An infinite dilution conductivity value of 178*3 mhos

was also obtained in this way. The dielectric

constant of water at this temperature was calculated

as 74.

At 25°C. the dielectric constant value of 78*8

for water and infinite dilution^conductivity value for
potassium chloride of 149*8 mhos as given by

Falkenhagen, were employed in calculating the

corrections.

(Discussion of the Method. The accuracy of the method
depends on the validity of the assumption that the

relationship between cell resistance and galvanometer

1) Falkenhagen, equation (533), 212.
2) International Critical Tables, ,6, 234.
3) International Critical Tables, j5, 78.
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Fig. 21.
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deflection is linear. If thia were strictly true,

the resonant circuit losses, without the cell con¬

nected would require to he zero. Inevitably, small

losses exist in the coil and its connections and in

the tuning capacitors. The circuit is further

damped by the rectifying diode and its resistive load.

Strict proportionality is also dependent on the

linearities of the diode and measuring galvanometer.

Fig.21 shows a typical relationship between cell
'

resistance and galvanometer deflection.

Under experimental conditions, the influence of

all the factors mentioned above may be reduced to

negligible proportions by employing a sufficiently

small deflection range over which the linearity of

deflection and resistance is extremely high. For

instance, deflections of 69*15, 70*62 and 71*69 scale

divisions were obtained at 70Mc/s, where circuit

losses should be high for cell resistances of 10,749,

11,024 and 11,235 ohms respectively. .Shert^ these

values are plotted, they lie in a straight line.

Normally, a much smaller deflection and resistance

range is employed. Further diminution of the effect

of non-linearities is achieved by arranging, as is

aimed at under actual experimental conditions, that

ane of the calibrating solution deflections lies very

close to that of the "unknown" solution. The
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constancy of the slope of the deflection versus

resistance relationship, for similar values of

resistance and deflection, over the entire frequency

range is an indication of the independence of the

results of the measuring circuit.

An apparent dependence of the "high-frequency

effect" on frequency at a given concentration was

originally found and thought, at the time, to have

some physico-chemical significance. Simultaneous

fluctuations in the tuning capacitor settings for

resonance were observed. Eventually, after a con¬

siderable number of results had been obtained, the

cause of these effects was traced to over-coupling

between oscillator and resonant circuits resulting in

ambiguity in the resonant circuit tuning. A cure
*

was accomplished by greatly Increasing the power from

the oscillator by a substantial increase in its high-
I

tension voltage and correspondingly diminishing the

coupling between oscillator and resonant circuit.

Unfortunately, with the increased voltage, a small
,

drift in oscillator output was noticeable on re-applying

the voltage. Normally, the deflection returned to

Its former setting but occasionally a distinct shift

was observed. It was, therefore, considered advisable,

when the high-tension supply was interrupted, to

ascertain that the deflection attained its former
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value. Heating of the oscillator valve electrodes,

especially the grids, was thought to be responsible

for the effect.

Objection to the method might be raised on the

grounds that the temperature of the solution in the

cell might be different from that in the thermostat
■

owing to the application of the high-frequency

voltage. Power dissipation in the cell is, in fact,

vary small even under the worst conditions and is

estimated at about 5 mW (about 5 volts RMS across a

resistance of 5000 ohms). The total input power

from the high-tension source is only about three

watts and total oscillator output probably about one

and a half watts. Only a very small fraction of

this is actually dissipated in the electrolyte.

Moreover, the potassium chloride calibrating solution

would ds affected in a similar manner ana its

resistance would drift in the same direction. In

practice, no resistance drift attributable to this
.

cause was ever observed.

Temperature drift was noted when frequent opening

of the thermostat doors took place during a succession

of experiments. This had its origin in the over¬

compensation of the thermostatic controlling device

and the problem was eventually solved by fitting a

thermistor as descxlbed under "Modifications."
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The leads to the conductivity cell were purposely

kept very short to minimise their inductance and

their thermal conductivity ipight be sufficient to
(1)

give some slight temperature disturbing effect.

It has been mentioned that retuning of the

resonant circuit was generally necessary on replacing

the potassium chloride solution by that of the eolloid|

electrolyte owing to the difference in dielectric

constants of the two solutions. The difference in

tuning capacitor settings was, however, too small to

give any accurate or useful information.

Compared with the apparatus used by Schraid and
(2)

Srkkila the existence of a separate tuned circuit

may be considered an unnecessary complication in an

apparatus already requiring so much manipulation.

The separate tuned circuit has the advantages of

freeing the oscillator from the effects of the con¬

ductivity cell and of rejecting very effectively

harmonics, which may give inaccurate results and which

are inevitably present in the oscillator output.

estimated Accuracy. The accuracy of the results is

iependent on a large number of factors whose individual

contribution to error would be very difficult to

evaluate. In general, by comparison with the errors

al

(1) Davies, "The Conductivity of Solutions,M 2nd Ed.,
43 (1933).

2) Schmld and Erkkila, Z.f.Elektrochem., 42, 737 (1936)
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in the measurement of the high-frequency deflection,

all errors in low-frequency resistance measurement

may be neglected*

With cell (1) reproducibility and the consistency

of results at different frequencies indicated that

precision was of the order of + 0*2$. The results

with cell (2) .at 35°C* were not so consistent but,

for the remaining results at 25°C* with this cell,

precision was about ♦ 0-4/^or somewhat better. To

some extent, the results were dependent on the actual

resistance range and the frequencies employed.

Generally, at the higher frequencies precision

deteriorates* In these cases where the high-frequenO,

effect rose steeply with frequency, the accuracy of

the frequency generated assumed some importance but

the method of calibration and frequency standard

employed ensured that error from this cause was not

a determining factor. Small temperature variations,

w&ile affecting the absolute resistance value in any

given experiment do not seem to affect the high-

frequency effect to any noticeable degree.

There seems no direct way of checking the absolute

accuracy of these experiments but this is probably of

the same order as the precision.

Where duplicate experiments were carried out,

these have been given in the following tables of

results.
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15ie following typical result illustrates the

information noted, and the method of calculation

employed*

Frequency 60*0 Mc/s. Oscillator tuning 70*4.

Solution Low-frequency Resonant High- Galvo. Total
Hesistance Circuit fre- Zero Jeflec-

(ohms) Setting quency tion
Jeflec-
t ion

Potassium 8341 86*2 77-11 13-82 63-29
Chloride

0-025 M
sodium 8885 83-5 75-73 13-76 61-97
dodecyl
sulphate

Potassium 8144 86-8 75-81 13-78 62-03
Chloride

From (1) and (2) we obtain the gradient of the

deflection and resistance relationship, i.e. 1-26 scale

divisions correspond to 197 ohms. The deflection

difference between (2) and (3), 0-06 scale divisions,

thus corresponds to 10 ohms. In this particular

instance, this must be subtracted from (3) to give the

apparent high-frequency resistance, 8134 ohms. The

apparent high-frequency effect is thus lfo 8885 - 8134
*

8134

a 9«23j£. The potass iura chloride correction at 60 Mc/s
is 0-29# so that the true high-frequency effect is

9-52J£.
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m«, x.

Sodium Dodecvl Sulphate at 25 deg.C. (at 1000 c/e).

Concentration Ceil
In mole® per Con-
Litre, cor- atant
reeled to 25
deg.C.

Cell rests-
ance (In
ohms)

Corrected
Specific
Conduct¬
ivity .

Equivalent
Conduct¬
ivity.

0-099755 8*7055 2889-0 0-0030^113 30-18(7)

0-089856 6-7085 3202 0-0027168 30-23(5)

0-079904 8-7055 3570 0-0024365 30-49(3)

0-069874 8-7055 4035 0-0021555 30-84(9)

0-0B9892 8-7055 4611 0 -0018860 31 -49(0)

0-049877 8-7055 5377 0-0016170 32-42(0)

0-042423 8-7055 6133 0-0014175 33-41(3)

0-038000 8-7055/ 7115 0-0012214 34-89(9)

0-029964 8*7055 7944 0-0010939 36-50(6)

0-024960 8-7055 9005 0-00096480 38-65(4)

0-022464 8-7055 9586 0-00090620 40-34(0)

0-019968 8-7055 10323 0-00084137 42-13(6)

0-017472 8-7055 11125 0-00078037 44-67(6)

0-014976 0-61945 863-6 0-00071634 47-83(3)

0-012485 0-61945 946-7 0*00065237 52-25(2)

0-011236 0 -61945 977 -0 0 -00063208 56 -25(3)

0 -0099880 (8 -7055 14407 0 .00060231 60 -30(3)

0 -0099880 (0 -61945 1025-0 0 .00060239 60.31(2)
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Tah le X • (cont *) *

Sodium Dodecyl Sulphate at 25 deg.C. (at 1000 c/s).

Concentration
in moles per
litre, cor¬
rected to 25
deg.C.

Cell
Con¬

stant

Cell resis-
ance (in
ohms)

Corrected
Specific
Conduct¬
ivity.

Equivalent
Conduct¬
ivity .

0 >0089838 0*61945 1071 *4 0*00057621 64*13(9)

0'0084847 0-61945 1104*0 0-00055914 65*90(0)

0*0079856 0*61945 1150*0 0*00053670 67*20(9)

0 *0074940 0*61945 1220*3 0*00060567 67*47(7)

0*0049920 0-61945 1797*6 0*00034267 68*66(0)

0'0024955 0-61945 3499 *0 0*00017509 70*16(3)

0*00124775 0-61945 6790 0 *00008928 71*55(3)



High-Xraquanoy Baault*.



• 89 *

Table XX.

O'OOSM sodium dodeeyl sulphate at 25°C.

frequency
In Mc/a

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms*)

Apparent

*} f\r\ ~n">
Theoretical
correction
for potas-
sium
chloride

Corrected

inftA-vo- -Ao
-Ao -A0

18*0 40 25,055 0*16 0*15 0*31

25*0 25 25,470 0*10 0*20 0*30

30*0 -15 25,465 -0 *05 0*22 0*17

(40*0 85 25,175 0*34 0*28 0*62

(40*0 108 25,320 0*43 0*28 0*71

50*0 125 25,200 0*50 0*32 0*82

60*0 140 25,110 0*56 0 *35 0*91

(70*0 190 25,050 0*76 Lfr-%U 0*37 1*13 111

(70*0 197 24,988 0*79 ~o 0*37 1*16

Corrections based on average resistance » 25,000 ohms,
" concentration » 0*0024M

" equivalent conductivity 55 145*9 mhos*
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Table 111.

0 »008M sodtam dodecyl sulphate at 25°C.

irequency
in Mc/s

Apparent
reelstance
change
(ohms•)

Apparent
high-
frequency
resistance
(ohms•)

Apparent

~/L0

Theoretical
correction
for potas¬
sium
chloride

Corrected

8 *75 32 16,132 0*20 0.04 0-24

15-0 50 16,151 0*31 0 >08 0.39

20*0 51 16,179 0.31 0.13 0.44

25-0 67 16,037 0 *42 0*16 0*58

30 *0 89 16,074 0*55 0*20 0.75

40*0 124 16,071 0.77 0*25 1*02

'40 *0 118 15,760 0-7« 0«25 1*00

i [40 *0 80 16,055 0.50 0-25 0»75

50*0 100 15,973 0.63 0.30 0*93

(60 -0 140 16,050 0-87 0.35 1 *22

(60*0 122 16,-048 0*76 0 *35 1.11

70 *"0 194 15,-989 1*21 0 * 38 1*59

Corrections based on average resistance « 16,075 ohms *.

" concentration * 0«00374M

B equivalent conductivity * 144.8 mhos.
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Table IV.

0*01M sodium aodecyl sulphata at 25°C.

Frequency
in Mc/s

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
r6sistance

(ohms.)

Apparent

100 ~~A°
-A o

Theoretical
correction
for potas¬
sium
chloride

Corrected

1A0
-Ao

10*0 71 14,341 0*50 0*04 0*54

15-0 107 14,278 0-75 0*08 0*83

(20'0 111 14,363 0*77 0*11 0*88

^O'O 98 14,225 0*69 0*11 0«80

(25 *0 179 14,196 1 *26 0*15 1 *41

(25*0 135 14,385 0*94 0*15 1*09

30*0 198 14,200 1*39 0*19 1*58

35*0 214 14,202 1*51 0*22 1*73

40*0 235 14,198 1*66 0*24 1 *90

|45 *0 295 14,107 2*04 0*27 2*31

(45*0 258 14,187 1 *82 0*27 2*09

51 *0 332 14,100 2*36 0*30 2*66

56*0 386 13,762 2*80 0*32 3*12

60*0 382 13,865 2*76 0*33 3*09

63 -0 410 13,925 2-95 0.35 3*30

66 *0 444 13,868 3*20 0*36 3*56

70-0 483 13,817 3*49 0-37 3*86

Corrections based on average resistance 3 14,150 ohms.

average concentration 3 0.00425M
" equivalent conductivity 3 144,4 mhos*
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Table V,

0*015M sodium dodecyl sulphate at 25°C.

Frequency
in Mc/a

Apparent
resistance
change
(ohms♦)

Apparent
high*

frequency
resistance

(ohms.)

Apparent

100

Theoretical
correction
for potas¬
sium
chloride

Corrected

100 -Aw~-4o
—

iUU
-/l„

10*0 46 11,773 0-39 0-03 0-42

15 *0 60 11,785 0-51 0* 06 0-57

20 »0 141 11,802 1*20 0 *09 1 *29

25 *0 205 11,674 1 '76 0*13 1-89

30 *0 277 11,625 2.38 0.16 2.54

35 *0 349 11,641 3*00 0 • 19 3-19

40 *0 427 11,510 3-71 0.22 3*93

45*0 481 11,433 4 -21 0 *25 4.46

50*0 549 11,383 4*83 0*27 5.10

56*0 639 11,312 5 *65 0*30 5 *95

60 *0 719 11,208 6*41 0.32 6-73

66 *0 818 11,112 7 <36 0*34 7.70

170 *0 902 11,090 8-14 0 *36 8-50

(70-0 871 11,084 7-86 0*36 8 >22

Corrections based on average resistance a 11,450 ohms.
" concentration = 0.0053M
" equivalent conductivity = 143.3 mhos.
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Table VI.

0*025M sodium dodecyl sulphate at 25°C.

Frequency
in Mc/s

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms.)

Apparent

lOO-71^"-71"0
J\.c

Theoretical
correction
for potas¬
sium
chloride

Corrected

-^0

10.0 4 8842 0*05 0.02 0-07

15 *0 49 8756 0*56 0 »04 0.60

20*0 104 8820 1.24 0*07 1.31

25*0 175 8692 2-01 0.09 2*10

30*0 221 8634 2*56 0 »12 2*68

(35*0
<

294 8601 3*42 0.16 3*58

i
(35*0 303 8501 3*56 0.16 3*72

40*0 366 8500 4.31 0 »19 4.50

45*0 451 8436 5-35 0*21 5 *56

50*0 542 8277 6.55 0*24 6*79

56*0 644 8211 7.83 0.26 8.09

60*0 745 8084 9.23 0*29 9.52

63*0 807 8118 9.94 0.30 10.24

66*0 835 8029 10.40 0-32 10.72

70*0 912 7940 11.49 0.33 11.82

Corrections based on average resistance = 8,300 ohms.
w concentration = 0.00735M
"

equivalent conductivity = 142.4 mhos.
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Table VII

0-05M sodium dodecyl sulphate at 25°C.

[frequency
in Mc/s

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms»)

Apparent Theoretical
correction
for potas¬
sium
chloride

Corrected

IQO^--71*
•A,

10*0 0 5393 0-00 0.01 0-01

15-0 7 5 3378 ^ 0*13 0-02 0-15

20*0 37 5362 Sit! 0-69 0«04 0*73

25*0 70 5323 1-31 0-06 1«37

30«0 93 5276 .m? 1-76 0*08 ' 1*84

35 '0 140 5229 2»68 0-10 2.78

40 »0 191 5199 Aftf- 3.68 0-12 3*80

45*0 245 5118 Siil 4 .78 0-14 4-92

50 *0 323 5067 f}M 6,» 37 0*17 6*54

56*0 402 5015 Si 7 8*02 0*20 8*22

60*0 448 4911 9*12 0*22 9*34

63*0 511 4845 S9H 10 . 54 0*23 10-77

66*0 570 4784 11*92 0.25 12*17

70*0 634 4784 13'24 0-26 13*50

Corrections based on average resistance ' 55 5120 ohms,
'• concentration = 0.0121M
" equivalent conductivity 3 140*5 mhos,
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Table VIII

Q*025M sodium dodecyl sulphate + 0-005M sodium

chloride at 25®C.

Frequency
in Mc/s

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms.)

Apparent

-Ac

Theoretical
correction
for potas¬
sium
chloride

Corrected

inn-Aw-A
A0

10*0 26 5902 0*44 0*01 0-45

15-0 45 5895 0*76 0 .*03 0*79

20-0 83 5841 1-42 0*04 1-46

25 »0 114 5860 1-95 0*07 2-02

30*0 134 5815 2*30 0«09 2*39

(35-0 164 5777 2*84 0-10 2*94

Ls-o 191 5754 3*01 0-10 3-11

(40*0 213 5677 3 * 75 0-13 3-88

(40 «0 209 5700 3-67 0*13 3*80

45.0 231 5683 4.07 0.16 4-23

50.0 265 5662 4.68 0*19 4-87

54«0 306 5654 5*41 0*21 5-62

60 *0 359 5583 6*43 0*23 6-66

66*0 413 5533 7*47 0<25 OJ•

70» 0 437 5484 7.97 0-27 8-24

Corrections based on average resistance =5700 ohms.
w concentration =0.0108M
" equivalent conductivity =141*0 mhos.
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Table IX

O'OOIM sodium hexadecyl sulphate at 35°C.

Frequency
in Mc/s

Apparent
resistance
change
(ohms*}

Apparent
high-

frequency
resistance

(ohms.)

Apparent

1 00™K.7,i

Theoretical
correction
for potas¬
sium
chloride

"

Corrected

1 nn -Am-JId
-Ao

3-5 265 18,475 1 *43 0 -02 1 -45

5*0 500 18,055 2-77 0-03 2-80

9-0 825 17,885 4 • 61 0-04 4-65

20*0 1,293 17,047 7 *59 0-06 7-65

30 *0 1,692 16,928 10-01 0-07 10-08

40 "0 2,019 16,541 12-20 0-07 12-27

50 *0 2,255 16,295 13; 83 0-08 13-91

56*0 2,375 16,205 14-66 0-08 14-74

Corrections based on average resistance 38 17,300 ohms.
" concentration, 38 0.000374M

" equivalent conductivity » 177.8 tahes

These and succeeding results were obtained with the use

of cell (2) whose cell constant was 1•148♦
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Table X.

OOOIM cetyl pyridinium chloride at 25°C.

ffrequency
in Mc/s

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms.)

Apparent

100 A^~-Aa
-Ho

Theoretical
correction
for potas¬
sium
chloride

Corrected

1 nn -/L>--4o
-Ao

5*0 146 14,066 1-04 0 *09 1.13

10 »0 174 14,034 1 *24 0" 14 1-38

15 *0 163 13,953 1.17 0.17 1-34

20 *0 183 14,026 1 *30 0-19 1.49

30 »0 262 13,934 1-88 0-22 2-10

40 *0 290 13,916 2-08 0-23 2 *31

50*0 319 13,879 2 «30 0 *25 2 *55

Corrections based on average resistance » 13,950 ohms.

" concentration ® 0.000557M

" equivalent conductivity a 148 »2.



Table XI.

0*00231 oetyi pyridinium chloride at 25°C.

frequency
in Mo/s

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms,)

Apparent

LQO~^Lo
Theoretical
correction
for potas¬
sium
chloride

Corrected

100 "y^-=/l°
-Ac,

5*0 127 10,086 1*26 0*07 1*33

10*0 272 9,868 2*76 0*13 2*89

20 *0 495 9,660 5*12 0*20 6*32

30 *0 643 9,481 6*78 0*23 7*01

(40*0
/

793 9,275 8*54 0*25 8*79

(40*0 784 9,366 6*29 0*25 8*54

50*0 877 9,205 9*53 0*27 9*80

60*0 1000 9,061 LI *03 0*29 11*32

Corrections based on average resistance ® 9550 ohms.
n concentration ® 0*000815M

w equivalent conductivity « 147.7 mhos.



Table XII.

0 *00311 cetyl pyridinium chloride at 25®C.

Frequency
in Mc/b

Apparent
resistance
change
(ohms.)

Apparent
high-

frequency
resistance

(ohms.)

Apparent

100

Theoretical
correction
for potas¬
sium
chloride

Corrected

loo -A^nAo
o

5*0 109 807S 1-35 0*06 1*41

10*0 235 7955 2-95 0*12 3*07

20 *0 473 7724 6.12 0.20 6 *32

30 *0 631 7518 8 *39 0*24 8*63

40*0 800 7370 10*84 0*26 11*10

(50 *0 893 7264 12*29 0*29 12*58

(50 >0 898 7281 12 *33 0*29 12*62

60-0 1008 7176 14 *02 0*31 14*33

Corrections based on average resistance s 7,630 ohms.
M concentration x 0*0010211

" equivalent conductivity 35 147.4 mhos.
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Discussion.

Conauctivlty Results at Low Frequencies. The low-

frequency conductivity results for sodium dodecyl

sulphate, when plotted as in Fig.37 (at end of thesis),

give a smooth curve in very good agreement with the

best of other data available!1^ The results of

(2)
Howell and Eobinsonv are somewhat higher and these

workers subsequently admitted a systematic error at

concentrations les3 than 0»007N (Ward^3^). From a

comparison of other data it is obvious that discre¬

pancies exist over a much wider range. Their con¬

tention that Lottermoser and Puschel's resulta^4^
were low because of a larger water correction is not

supported by »/ard who considers Lottermoser and
N

Puschel's results quite accurate. As previously

mentioned, the water correction has been applied to

the author's results in its entirety.

The curve (Fig.37) exhibits the characteristic

features of that of a colloidal electrolyte. At low

concentrations, there is a grauual decrease of

equivalent conductivity with increasing concentration.

In the region of the Critical concentration"

there is a sudden change of slope, the curve acquiring

a steep downward trend. At still greater concentra¬

tions, the slope is reduced and eventually may be
(2)

slightly reverseu. Very high concentrations result
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in an equivalent conductivity fall with concentration

increase. These last two regions have not been

reached in the present curve.

For cetyl pyridinium chloride at 25°C., values

of the low-frequency conductivity at the three con¬

centrations 0*001, 0*002 and 0*003 M. can be obtainec.

by adding the resistance change to the observed high

frequency resistance. Taking average cell resistance

as 14,200, 10,140 and 8220 ohms, respectively, we

obtain, using the cell constant 1*148 (cell 2),

equivalent conductivities 80*8, 56*6 and 46*6 mhos,

respectively with no water correction applied.
/ g \

Comparison with Malaeh and Hartley's results and
(6)

also those of Schmid and Larsen* ' shows that the

present values are all lower. The application of a

water correction and the uncertainty of the degree of

hydration (see p.14) would tend to add to the dis¬

crepancies. Schmid and Larsen, who obtain higher

values than Malsch and Hartley, consider their com¬

pound to be slightly impure. On this basis,, the

purity of the present preparation should be very high.

There is some evidence to support this view.
(7)

hottermoser and frotscher; who took great care in

the preparation of cetyl pyridinium chloride,

unfortunately aid not make measurements at 25°C. or at

the concentrations specified. However, by extra¬

polation and interpolation it is possible to obtain
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Pigs. 22, 23, 24,
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Fig. 25.
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Pig. 26



0-025M souiurn dodecyl sulphate

frequency in Mc/s
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Pig. 27
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,

figures for the required concentrations but at higher

temperatures. These, when conductivity is plotted

against temperature, give approximate values of con¬

ductivity at 25®C. of 78, 63 and 52 mhos, for 0*001,
-

0*002 and 0*003 M cetyl pyridinium chloride. The

first of these results gives better agreement with

the present values hut the remainder correspond closely

to the data of Malsch and Hartley.

By any other available data, the measurements of

Schraid and Larsen are high, the most probable cause

being any other electrolytic impurity.

Conductivity Results at High Frequencies♦ Unlike

the results of Schmid and Larsen, the present results

have been corrected theoretically for the high-

frequency effect of potassium chloride. approximations

have been" used in calculating the corrections but

these have a very small effect on a correction already

small. In general, the high frequency effect observed

with the colloidal electrolyte solutions is much

greater than any of the corrections applied and in

consequence these corrections have little influence
'

on the shape of the conductivity dispersion curve.

With reference to the variation of high-frequency

effect with frequency as shown in Figs.22-30, it will

be observed that in all cases there is a rise in effect

with frequency as expected on the basis of the Deby#-

Falkenhagen theory and as previously found by other
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Figs. 28, 29.
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Fig. 30
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(e)(8)
investigators. jSxcept in the case of 0*005 M

sodium uodecyl sulphate solution and in that of the

smallest concentration of cetyl pyridinium chloride

studied (0*001 M), the observed effects are greater

than those found in simple strong electrolytes* For

sodium dodecyl sulphate, the high-frequency effect

falls off in very dilute solution tending to zero at

infinite dilution. This behaviour, though in

accordance with the theory of Debye and Falkenhagen,

is at variance with work of Schmid and Larsenf^ who

continued to observe a effect even at a concentra¬

tion of 0*003 M.

Disregarding, for the moment, the possible effects

of aggregation on the high-frequency conductivity

increase we find, as shown in Fig.33 that, at a given

frequency and suitable concentration range, the con¬

ductivity increase passes through a maximum with

increasing concentration. In its application to

ordinary strong electrolytes, the Debye-Falkenhagen

theory anticipates this observation which it attributes

to two conflicting tendencies. The total observable

conductivity increase becomes greater with increase in

concentration but the time of relaxation of the ionic

atmosphere becomes correspondingly shorter. Since

the fraction of the total observable effect actually

measured at a given frequency increases as the product

pf frequency and relaxation time, a smaller relaxation
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time results in a smaller measured fraction. Over

a suitable concentration range, the displacement of

the relaxation time can become the dominant factor

and cause a decrease in the observed effect at a

fixed frequency. This relaxation time displacement

is thus responsible for the decrease in the high-

frequency effect at the higher concentrations.

A direct test of the applicability of the Lebye-
f»

Huckel-i&lkenhagen theory to the present results is

unfortunately difficult, if not impossible. In the

first instance, we require to know the mobilities of,

and charges on, the ionic aggregates. Furthermore,

the aggregation itself may invalidate the application

of the theory. Hartley^9) from a detailed con¬

sideration of the effects of aggregation, comes to the

conclusion that the theory will predict atmosphere

effects which are, in fact, too large. In some

cases the concentrations of electrolyte are such as

to make it improbable that the theory can be legiti¬

mately applied, quite apart from the fact that

aggregation leaves the actual concentration of ions

involved very uncertain. Consequently, there are

too many unknowns for straightforward mathematics to

be attempted. There remains the possibility of

finding an approximate solution to this problem by

means of a graphical method^
/ The writer is indebted to Mr, F. Stern of the Jewar
Crystallogranhic Laboratory for this suggestion.
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To be able to achieve fitting of two curves,

the writer realised that some common, interchangeable

scale had to be employed. i'alkenhagen^3,0^has worked

out the values of "f"" where JL1U> is the contribu--/L(o

tion to the lowering of equivalent conductivity at

frequency and Jl,0 the contribution at zero frequency

for various values of where 9 is the relaxation time

and^» 2 rrf, where f is the frequency in cycles per

second,and for various values of "q* which is dependent

on the mobilities and valencies of the ions involved.

For "q* values between 0*5 and 0*3 which IHlkenhagen

gives, the relationship between ^ 9 and is not
-JLiO

materially altered, A wqw value of 0*5, the value

for a uni-univalent electrolyte, was chosen. If the

experimental curve is plotted with respect to frequency

and Falkenhagen's plotted with respect to Q » 2-n-f 0

on different piece© of logarithmic graph paper, both

values on the x-axis, the scales are related by a

factor of 2^9 which corresponds to a simple horizontal

displacement of the two graphs. The experimental

value 100( Jlh/A ~Ao) is related to 100(1 • -4^ ),-J L«o

which may be calculated from the data given by

Falkenhagen, by the two constants at any specified

concentration JLt0 and Aa . Thus if the logarithms
Of the exoerimental and theoretical values are plotted

on the linear y-axis of both graphs, multiplication or
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Jig. 31
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Fig. 32
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division by the constants again corresponds to

displacement of the two graphs, this time in the

vertical direction. For practical purposes it is

advantageous to transfer the experimental graph to a

piece of tracing paper and superpose this on the

theoretical curve until a good approximate fit is

obtained.

Unfortunately, despite the wide frequency range

over which experiments were conducted, in practically

all cases only a small portion of the total dispersion

curve could be explored. This is at once obvious

from figs. 31 ana 32.

dith reference to Fig.31 it is observed that the

experimental curvature is somewhat smaller than the

theoretical one based on q « 0-3, The effect of q

values much leas than this, which are to be expected

if the catyl pyridinium chloride in 0-003 M solution

behave© as a uni-multivalent strong electrolyte, is to

flatten the theoretical curve, A much better fit

would, in all probability, be obtained by taking a

suitable q value into account though the experimental

curve would have to be displaced further down the

theoretical. Respite this, some estimate of the

conductivity at extremely high frequencies can be

attempted. The high-frequency effect at the highest

frequency employed for this solution (at 60 Mc/s)

.

I
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corresponds to a login 100 ~A'° n ^l,u' value of about10 ~'*vo

1.7, i.e. about 50$ total dispersion. At the specifie

frequency, the high-frequency effect is 14*3$, so

that complete dispersion would result in a '28*6$ effec

In other words, the conductivity would ultimately rise

to at least 128*6$ of its low-frequency value.

Turning now to Fig.32, where the high-frequency

effect curve for 0*05 M sodium dodecyl sulphate has

been superposed on a suitable portion of the same

theoretical curve, we observe that a much better fit

can be realised. Again this is to be expected on

the Debye-Falkenhagen theory since the lower regions

of the theoretical dispersion curve are practically

independent of the wqw value,- calculating in a similar

manner to that used above, we find that a 6*3$ dis¬

persion gives a high-frequency effect of 13*5$.

Complete dispersion must therefore result in a con¬

ductivity increase of over 200$, or a conductivity

over 300$ of the low-frequency value. Such a

conductivity, in excess of the infinite dilution

conductivity, requires some explanation. Asbas been
(9)

mentioned, Hartley predicts that the atmosphere

effects will be smaller than anticipated on the Jebye-

Huckel theory, though the present results indicate that

these may still be very appreciable.
(11 \

As originally pointed out by McBain; ' a
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Fig. 33
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conductivity increase consequent on aggregation was

to be expected on the basis of Stoke's Law if the

total charge on the ions was unneutralised. McBain,

at that time, considered that this effect was respon¬

sible for the rise in conductivity with concentration

increase at fairly high concentrations. Later work

established that aggregation occurred at much lower

concentrations and Hartley* ' attributed the increase

mobility of paraffin-chain ions beyond the critical
(5)

point to this effect. Malach and Hartley, by

applying sufficiently high field-strengths to aqueous

solutions of cetyl pyridinium chloride, observed a

conductivity in excess of that at infinite dilution.

In this case, however, the high field may itself

produce dissociation of micelle and adhering gegenions

as realised by the original workers. Hecently, Kraus

and co-workers ^^^^^^have observed maxima in the

equivalent conductivity/concentration curves for

colloidal electrolytes dissolved in water-methanol

mixtures. These workers have not yet attempted an

sxplanation but the results may be due to the higher

mobility of micelles^
Examination of the high-frequency effect/concentra-

;ion curve, Fig.33, at various fixed frequencies, for

bodium dodecyl sulphate shows that there is a distinct

Change in slope at the critical concentration. If one

/ Professor McBain expressed this opinion to the
writer.

(13)
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attributes the large high-frequency effects observed

above the critical concentration to interionic action

and assumes that the interionic effects arise, in

turn, from large, highly-charged micelles of the

Hartley type, then the rise in high-frequency effect

indicates the formation of these micelles. Since

large atmosphere effects are indicated beyond the

critical concentration, these may have some bearing

on the interesting results of Kraus and co-workers

(loc.cit.). the variation in dielectric constant of

different water-methanol mixtures suitably modifying

the interionic forces. McBain, it may be noted,

does not admit the existence of interionic effects of

such magnitude and considers instead that the charges

on the micelles are so far apart that they behave as

though independent.

Below the critical concentration, the high-

frequency effect does not appear to diminish to the

extent expected if the colloidal electrolyte behaved

Bimply as a uni-univalent electrolyte. Indeed, there

nay be some incipient micelle formation but the

behaviour found is much more in accord with that

anticipated for a simple electrolyte than the results

Of Schmid and Larsen(^) would seem to indicate.
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Pig. -34.
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Turning now to the iso-frequency curves for

cetyl pyrldinium chloride, fig.54, it will be seen

that measurements were not carried out beyond the

critical concentration in this case, as it was con¬

sidered at the time that no further useful information

could be obtained. The writer was not limited, as

were Sohmid and Laraen (loc.cit.), by the magnitude

of the cell resistance owing to a cell of smaller

cell-constant being employed. The curves themselves

are of the same general shape as those for sodium

doaecyl sulphate and exhibit the same tendency for

the main effect to approach zero as the critical

concentration is reached, in this case at a concentra-

tion of about 0'00075 M. It may be mentioned here

that these results are in approximate agreement with

the results of Schmid and Larsen at their stated

wavelengths, and that their curves, as far as they

have been pursued below the ciritical concentration,
' '

indicate a similar behaviour to that found by the

writer for sodium dodecyl sulphate.

The curves of these workers for potassium and

calcium salts of arable acid seem to imply that the

interionic effect diminishes at concentrations higher

than those where a minimum in the low-frequency con-

iuctivity is observed. dhile they admit some uncer¬

tainty, their conclusions may indeed be unjustifiable

uince Pig.33 indicates that, at a suitably high
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frequency* the rise in the high-frequency effect with

increasing concentration, may continue. The shift

of relaxation time 0 with concentration increase

is sufficient to produce a diminution in effect with

increasing concentration at a fixed frequency as

illustrated by the results at 10, 30 and 50 Mc/s

given in Fig.33. It may be pointed out here that

the different shapes of the curves of high-frequency

effect and frequency, e.g. Figs.26, 30 and 35, are

basically explained by the relationships of the

relaxation time to the fixed frequency range considered,

Essentially, they form different parts of the basic

type of dispersion curve.

The experiments on sodium hexadecyl sulphate, Fig

35, were originally carried out to determine whether

any relationship could be deduced between the high-

frequency effect and the chain-length. Low-frequency

conductivity data at 30°C. were available from the
(2)

work of Howell and Hobinson which seemed to indicate

that sodium hexadecyl sulphate would be sufficiently

soluble at 25®C. for experiments to be carried out at

this temperature. It was found, however, that these

Solutions, at least above 0-001 M, were supersaturated

Only at 35°C. did they become suificiently stable for

determinations to be made. .Vhile no direct comparison

with the sodium dodecyl sulphate results was possible,
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these results, together with those for cetyl pyridinium

chloride, indicated that a large high-frequency effect

was not so much dependent on the value of the con¬

centration as on whether thiB concentration lay above

or below the critical.

The "Salt ai'fectf." Beference must now be made to the

results shown in Fig.36 for a solution containing

0*025 M sodium dodecyl sulphate and 0*005 M sodium

chloride. Comparison with the curve for 0*0025 M

sodium dodecyl sulphate alone, Fig .26, at first seems

to Indicate that addition of simple electrolyte

diminishes the high-frequency effect. It must be

remembered, however, that the results given in

Table VIII» p.95 are based ultimately on the low-

frequency conductivity of the mixture. If we reckon

the high-frequency effect, on the conductivity of the

sodium dodecyl sulphate itself, there is, if anything,

an increase in effect with addition of sodium chloride

It has been pointed out that the substantial high-

frequency effect above the critical concentration can

be explained by increasing formation of micelle and

hence we should infer that the sodium chloride aided

micelle formation, tiuite apart from other effects,

the salt would be expected to shorten the relaxation

time of the mixture and hence reduce the high-frequenc

effect at a given frequency.
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An Increase in micelle formation on the addition

of a simple electrolyte has been stated by McBain and

Searles^16^ to explain a conductivity# greater than

would be anticipated from the sum of the two componen-

by adding hydrochloric acid at various concentrations

to solutions of undecylsulphonic acid. Hartley^17^
also considered that addition of potassium chloride tc

cetyl pyridinium chloride solution caused increased

'micelle formation and decreased the critical concentra¬

tion. The writer made a 0*005 M sodium dodecul

sulphate solution 0*0025 M with respect to sodium

chloride. At 70 Mc/s, the corrected high frequency

effect was 0*3$ less for the mixture than for a 0*005

sodium dodecyl sulphate solution by itself. An

estimate allowing for the result being based on the

total conductivity of the mixture might indicate a

higher result for the sodium dodecyl sulphate componen

in the mixture than for the colloidal electrolyte

alone but the magnitude of the experimental error and

change in relaxation time for the mixture, make any

deductions from this experiment uncertain.

tt

t&SSte Absorption. The question of dipole absorption
(6 \

which was considered by Sehmid and Larsenv ' to explain

% 3$ apparent highrfrequency effect for sodium dodecyl

sulphate at concentrations below the critical# must

now be explored. Large dipole effects exist in
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amino acids and protein solutions and the analogy

between proteins and the colloidal electrolytes with

which we are dealing at present has often been

emphasised# Xirkwood^®^ points out that amino aeidn

and proteins exist in solutions partly as neutral

molecules and partly as positive and negative ions.

At the isoelectric point the neutral molecules

predominate and while leaving no net charge# possess

a high dipole moment.

At low frequencies, the high dielectric constant

of a protein solution can be attributed mainly to

the orientation of its constituent dipolea. .ifhen#

however, the applied frequency is raised, frictional

forces overcome the orienting torque. The dipolea no

longer follow the field and a decrease in dielectric
(19)

constant is observed; In the region where there is

incomplete orientation of the dipoles, there is a

phase-displacement between the position of the dipole

and the polarity of the applied field. An in-phase

Component of the displacement current causes ohmic loss

in the solution which behaves as an increase in con¬

ductivity, reducing the observed high-frequency

deflection in an identical manner. Furthermore,

Calculations of the critical frequency, for a large

Ipherical particle of radius the order of the lengthf the paraffin chain(20^2veals that this critical

frequency lies in the frequency range in which the



127 -

present experiments were conducted* There is little

possibility of such a large degree of micelle forma¬

tion below the critical concentration as would be

necessary to explain Schmid and Larson's observed

effect* On the other hand, they consider the effect

to arise from the dodecyl sulphate ion itself but

probably the frequencies employed are for too low for

the results to be so attributed.

tlhen it was found that the high-frequency effect

for sodium dodecyl sulphate at concentrations above

the critical did not attain the values found by

Schmid and Larson at their stated frequencies, the

existence of the effect below the critical con¬

centration was immediately doubted. [Further experi¬

ments, conducted at much higher frequencies produced

results, for concentrations above the critical

concentration, comparable with their previous work.

It was therefore thought probable that, despite the

failure to reproduce their values at their stated

frequencies, these results could be duplicated at

Higher frequencies. Accordingly, the information for

0*005 and 0*008 11 sodium dodecyl sulphate was extended

to the hi^xest frequencies available. ho Z% effect

was obtained in spite of the addition of the potassium

Chloride correction. The writer was therefore forced

to the conclusion that whatever the cause of the

previous results, the effect itself uid not exist.
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It is to "be noted that, for cetyl pyridinium chloride

at suitable frequencies where the results roughly

correspond to those of the writer, the -values are

already well below 1% at concentrations above the

accepted critical concentration.

/ g\
The Investigation of Schmid and Larson. Some

explanation of the large discrepancies between the

results of the present investigation and of the

previous work of Schmid and Larsen must be attempted.

These discrepancies may be summarised as follows:

(1) For sodium dodecyl sulphate there is no effect

below the critical concentration.

(2) Above the critical concentration the results for

sodium dodeoyl sulphate are inconsistent with the

present information at the frequencies stated.

(3) A sufficiently large error in frequency calibratibn

is practically ruled out by essential agreement

for the cetyl pyridinium chloride results.

In the apparatus originally usedj[22^the high-

frequency conductivity cell w$s connected, via isolating

capacitors, across the tuned circuit in which the high*

frequency currents are oscillating and whose constants

determine the frequency of oscillation.

er, this tuned circuit is very heavily
"

damped by the resistance of the conductivity cell and

by other losses associated with it, oscillation in the



- 129 -

tuned circuit becomes more and more difficult.

In addition to the obvious tuned circuit, other

unintentional components are present. These mainly

consist of the inter-electrode capacitances of the val

the capacitances between connecting leads and the

inductance of these leads. »«hen oscillation becomes

difficult in the main tuned circuit, high-frequency

oscillations may arise in these subsidiary components,

practically independent of the original frequency-

determining circuit. Such secondary oscillations are

known as "parasitica"^23^and are normally higher in

frequency than the original owing to the circuit

constants being very much smaller.

For cetyl pyridinium chloride, the concentrations

over the required range of measurement are extremely

small and all resistance values correspondingly high,

so that the tuned circuit can fulfil its intended

purpose. Results, therefore, agree in order of

magnitude with those of the writer. The sodium

dodecyl sulphate solutions are much higher in concen¬

tration and cell resistances very much lower, so that

it is probable that parasitic oscillations arise and

the high-frequency effect is determined at these

parasitic frequencies. In fact, similar results to

tta... found by Schmld and Larson can be obtained at

$uitably high frequencies.

If this is the correct explanation, then a range
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%

of cell resistances ought to exist where the circuit

changes from one oscillation mode to the other or

where it is somewhat unstable in either mode. Such

a range may coincide with the sodium dodecyl sulphate,

solutions below the critical concentration and account

for the discrepancies found by the writer in this

region, e.g. Schmid and Lareen claim a Z% effect at

12 metres, the writer's result being 0»3^.

naturally, since reinvestigation of other results

obtained by Schmid and Co-workersfcas n0^

been carried out, the validity of these results at

the frequencies stated has not been checked.
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Summary,

(1) Apparatus for the determination of high- and low-

frequency conductivity has "been devised and constructed.

(2) The difficulties of temperature control in high-

frequency conductivity investigations have been over¬

come by a new form of electronic proportioning

regulator.

(3) Measurements of the low-frequency conductivity of

aqueous solutions of sodium dodecyl sulphate at 25®C.

have been carried out over a wide range of concentration.

(4) Measurements of the high-frequency conductivities

of aqueous solutions of sodium dodecyl sulphate and

cetyl pyridinium chloride at various concentrations at

25°C. and of sodium hexaaecyl sulphate at one concen¬

tration at 35®C. have been made up to frequencies of

70 Mc/s.

(5) In all cases an increase of high-frequency effect

with frequency has been observed. Evidence for the

effect being attributable to the ionic atmosphere has

been discussed.

(6) For sodium dodecyl sulphate, at and below the

critical concentration, no evidence of the dipole

absorption effect claimed by Schmid and Larsen has been

found. The effect observed at these concentrations

indicates substantial agreement with the view that

sodium dodecyl sulphate exists there mainly as a uni-
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univalent electrolyte.

(7) Approximate agreement with the Debye-Salkenhagen

theory has allowed estimates of conductivity at very

high frequencies to be made.

(8) A possible rise at sufficiently high frequencies

of the conductivity for 0*05 M sodium dodecyl sulphate

to values above the infinite dilution value has been

discussed.

(9) Investigation of the "salt-effect" has indicated

that small additions of simple electrolyte may

slightly increase the observed high-frequency effect.

(10) An explanation of the discrepancies between the

present work and that of Schmid and Larsen has been

advanced.
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