
Reliable and meaningful measurements Alternative methods of conductance measurement are 
of electrolytic conductance require attention to design pointed out, as are some aspects pertinent to the mea- 
of cells, electrodes, and measuring circuitry. surement of dielectric constant,. The extent of cov- 

Extraction of an Ohmic resistance from ac bridge erage can easily be modified to suit the level of the 
measurements is a non-trivial procedure that requires a course and the time available. 
realistic model for the equivalent electrical circuit of a 
conductance cell. This entails an understanding of the Phenomenology: Ohm's Law Applied to Electrolytes 
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electrochemical processes occurring when current is 
passed through a system consist,ing of electrolyte, elec- 
trodes, and bridge ( 1 ) .  However, electrode processes 
are seldom dealt with in t,he undergraduate chemistry 
curriculum-almost never in connection with conduc- 
tance measurements. Furthermore, the principles of 
conductance measurements are unevenly covered in 
many st,andard physical chemistry t,extbooks, reference 
books, and laboratory manuals. For example, an as- 
pect often dealt with either incompletely or erroneously 
is t,he physicochemical basis for capacit,ive balance and 
frequency dependence in conductance measurements 
with alternating current. Also, since the elements of 
bridge circuits and balance conditions tend to be com- 
partmentalized into the physics curriculum, a unified 
t,reatment is rare. 

Detailed consideration of all of electrochemistry un- 
doubtedly is impossible in an undergraduate course, but 
there is no reason not to int,roduce some of the basic 
concepts in a qualitative manner; it is poor pedagogy to 
achieve simplicity by introducing erroneous concepts 
(it is not necessary, after all, to derive statistical me- 
chanical equations for virial coefficients to discuss inter- 
molecular forces in gases). 

In t,his paper we review the principles of electrolytic 
conductance measurements, citing applications to 
molten salts and to solid electrolytes as well as to 
aqueous electrolytes. We discuss capacitive balance 
and the frequency dependence of ac measurements in the 
light of processes occurring in the bulk of the electrolyte 
and a t  the electrode surfaces in a conductance cell, as 
well a,s relevant propert,ies of the Wheatstone bridge. 
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'The term ionic eas t i tua t  refers to the ion-forming portion of 
an electrolyte, without specifieat,ion of the extent of dissociation, 
association, solvstion, etc. See, e.g., reference ( 4 ) ,  p. 60. Thus 
the ionic constituents in an  aqueous solution of C d 4  are Cd2+ 
and I-, regardless of the fact that the actual species in solution 
may inclnde hydrsted cadmium ions, anionic complexes such as 
CdL- ,  etc. Measurements of macroscopic properties yield in- 
formation only on the componats (CdL and water) or the ionic 
constituents. Unusual values of bhese properties may suggest 
the microscopic nature of the species (e.g., ions). Mare detailed 
information on the nature of the species requires measurements 
sensitive to the species properties and distribution (e.g., spectra). 

Ele~t~rolytes conduct current by transport of ions, in 
cont,rast to electronic conductors or n-t,ype semiconduc- 
tors in which electrons are the charge carriers, or p-type 
semiconductors in which positive holes predominantly 
carry the current; both electronic and ionic conduct.ion 
occur simultaneously in some substances (8). Since 
the mass of an ion is of the order of lo4 times the elec- 
tronic mass, quantum mechanical effects such as ex- 
change, delocalisation, and tunneling are much smaller 
for ions than for electrons. Electrolytic conduction 
often is accompanied by transfer of mass as well as 
charge across the elect,rode-electrolyte interface with 
the formation or discharge of ions at (usually metallic) 
electrodes. Massive ions, rather than delocalized elec- 
trons, drift through the bulk medium under t,he in- 
fluence of an elect,ric field, generally at velocit,ies five 
orders of magnitude lower than electron velocit,ies. 
These distinctions dictate differences in t,he methods of 
measurement. Thus the low inertia of eIect,rons in a 
metal permits measurement of resistance with either 
direct or alternating current and ready demonstration 
of Ohm's law, V = I R .  Extraction of an Ohmic resis- 
tance (reciprocal of conductance) for an electrolyte is 
more involved, since the variety of chemical as well as 
physical phenomena occurring at the electrodes must be 
separated from the voltage drop associated with the 
migration of ions t,hrough the bulk elect,rolyte (8). Al- 
though no physical principle requires the feasibility of 
extracting an Ohmic resistance, and, hence, conduc- 
tivity of an electrolyte, it is experimentally possible to 
do so over an appreciable frequency range for a wide 
variety of electrolytes (4). 

The conductivity (or specific conductance), K,  of a 
material may be thought of as the conductance (re- 
ciprocal of resistance) of a cube of 1 cm edge, assuming 
t,he current to be perpendicular to opposite faces of the 
cube. Since it depends partly on the number of 
charge carriers, a more useful indication of the nature 
of interactions of the constituents with the medium is 
the conductance per unit concentration of charge 
carrying con~tituent,,~ or equivalent conductance, A = 
K/C; c is the concentration in equivalents per cm3 
(normality t,imes 1000) (4). Combined with densities, 
molecular weights, and transference numbers (fractions 
of the currcnt carried by the various constituents), the 
conductivity thus yields the relative velocities of the 
ionic constituents under the influence of an elect,ric field. 
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The mobilities (velocity per unit elect,ric field, em2 sec-' 
volt?) vary with t,he nat,ure of the constituents, their 
concentrations in mixtures, temperature, medium, and 
other fact,ors. In dilute aqueous solutions of dissociated 
electrolytes, ionic mobilities vary little with concentra- 
tion, and t,he equivalent conductance at vanishing 
electrolyte concentrat,ion may be expressed as the sum 
of independent equivalent conduct.ances of the con- 
stituent ions. The limiting equivalent ionic conduc- 
tance may he considered as the conduct,ance of ions far 
removed from other ions so that solute-solute interac- 
tions are negligible. At finite concentrations, interionic 
forces generally lower t,he mobilities, and the concentra- 
tion dependence of equivalent conductance has been a 
classical probe of the strengt,h of ionic interactions (I). 
In dissociated solvents such as molten salts, the concept 
of independent ionic mobilities may he significant for 
dilute solute ions not common to the solvent, but not 
for solvent ions because of their mutual proximity. 
The equivalent conductance and (in mixt,ures) mohili- 
hies, and their temperature dependence, are important 
in t,esting theories of transport in liquids (6). 

Some of the more important phenomena associated 
with the application of a voltage between electrodes 
immersed in a liquid electrolyte are indicated below, 
with reference to Figure 1, for an idealized system in 
which it is presumed possible to isolate the various 
phenomena. 

CURRENT SOURCE 

Figure 1 .  Eiectmlytic conductance cell-on oversimplified schematic 
representation of the double-layer at he electrodes, Farodaic pmcesrer, 
ond migration of ions through bulk electrolyte. 

Double-Layer Capacitance 

A positively charged electrode will preferentially at- 
tract a layer of negative ions (and a negative electrode a 
layer of positive ions).l With increasing distance from 
a charged electrode, its orienting effect on ions in so- 
lution becomes rapidly more diffuse owing to thermal 
disordering (Brownian motion) (6). The double-layer, 
consisting of charges on the electrode and oppositely 
charged ions adjacent to it in solution (or separated 
from it by a layer of solvent molecules), constitutes an 
electrical capacitor, capable of storing charge. If a 
sufficiently low steady voltage is applied to the elec- 
trodes, virtually no current will flow beyond that r e  
quired initially to charge the double-layer. The struc- 
ture of the double-layer is considerably more compli- 
cated than the idealized version in Figure 1, and is 
greatly influenced also by the interactions of polar sol- 
vent molecules with the ions and with the electrode sur- 
faces. 

Electrolysis 

As the voltage applied to the electrodes is increased, 
the charge accumulated in the double-layer increases 
until a decomposition voltage analogous to the break- 
down voltage of a capacitor is e~ceeded;~ current then 
flows across the electrode-solution interface, accom- 
panied by oxidation at the positive electrode, reduction 
at the negative. This Faradaic (electrolytic) process 
partially short circuits the double-layer, behaving elec- 
trically somewhat like a resistor (although a voltage- 
dependent one) shunting a capacitor. Slolv electron 
transfer processes at the electrodes may contribute a 
polarization resistance (I, 7). 

Ohmic Resistance 

The current is carried though the bulk electrolyte by 
cations moving toward the cathode, anions toward the 
anode. Velocity-dependent retarding forces oppose 
the accelerating force of the electric field, and result in a 
constant drift velocity at a given field. Current flow is 
accompanied by dissipation of energy as heat, since the 
ions must overcome frictional forces in their motion 
through the medium, whereas the charging of the 
double-layer corresponds to storage rather t,han dis- 
sipation of electrical energy. 

Concentration Polarization 

On further increase of voltage, Faradaic removal of 
electroactive ions (i.e., ions reducible or oxidizable in the 
range of voltages applied to the electrodes) near the 
electrode may proceed faster than diffusion from the 
bulk electrolyte can replenish their supply. This can 
establish a concentration gradient between bulk elec- 
trolyte and the electrode surface, such that the current 
may reach a diffusion-limited value (8). The phenom- 
enon of concentration polarization is exploited for ana- 
lytical purposes in polarography (9). 

Calculation of the Ohmic resistance of the electrolyte 
requires not only the (easily measured) current but also 
the voltage accelerating the ions-not the voltage ap- 
plied a t  the electrodes. Tho latter voltage must also 
supply the driving force for the electrical work needed 
for the Faradaic processes, double-layer charging and 
concentration polarization. The problem of resolving 
electrolytic conductance (reciprocal of resistance) is 
that of eliminating the effects of the processes asso- 
ciated with the electrodes, and is generally accomplished 
by measurements with alternating current. 

Alternating Current Effects 

Reversal of the sign of the applied voltage reverses 
the direction of motion of the ions. With an alter- 

s &en without an external applied voltage, the surface of s. 
metal immersed in an electrolyte will tend to become charged, 
owing to factors such as preferential adsorption of ions of one sign. 
Application of a voltage will modify the ionic distribution at. the 
surface and the structure of the double-layer (6). 

q n  8 real system i t  may not always be possible to separate 
exactly the double-layer and Faradaic processes (5). For exam- 
ple, the presence of traces of reducible or oxidizable species may 
permit current to flow a t  low voltages, before the double-layer is 
completely charged. The term decomposition voltage is used 
here in the phenomenological sense to indicate an experimentally 
observed voltage near which a reasonably sharp increase of mtr- 
rent occurs whether the system be liquid, solid, or gaseous, single 
component or multicomponent. (See reference (47)). 
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nating (ac) rather than a steady (dc) voltage applied to  
the elcctrodcs, the above processes reverse themselves 
with the period of tlie alternating voltage. But, 
having differing specific rates (or relaxation times), 
their relative contributions to energy dissipation vary 
lvith frcquency. As the frequency is increased, con- 
centration polarization can be greatly reduced or elim- 
inated. The lbradaic effect can be eliminated in prin- 
ciple either by sufficiently reducing the applied voltage 
or by employing reversible (nonpolarizable) electrodes. 

High-Frequency Effects 

Although increased frequency of the applied vokage 
(to several thousand hertz) reduces many of the effects 
hindering accurate conductance measurements, in- 
definite increase of frequency leads to other problems. 
For exarnplc, tlie effects of stray capacitance in t,he mea- 
suring circuits increase. Also, the rearrangement of 
ions and solvent. molecules in the vicinity of a moving 
ion may not he fast. enough to keep up with t,he periodic 
revcrsal of the field. A moving ion will then essentially 
"see" a different environment than at  a lower fre- 
quency. At frequencies comparable wit,h the time re- 
quired for an ion's oppositely charged ionic atmosphere 
to readjust to the reversal of motion of the ion, the con- 
ductivity increases because of the reduction of the dis- 
symmetry of the ionic atmosphere. This is the Debye- 
l~alkcnlragcn effect (10). The critical frequency is 
-lo7 Hz, in a 0.001 If solution, and increases with in- 
creasing concentration. With still further increase of 
frequency, translational motion of the ions gradually 
ceascs to respond to tlie rapid reversal of the electric 
field. Since dipole reorientation can still occur, di- 
elect,ric properties of the material are measured; at  still 
liigher frequencics, e.g., optical, only ele~t~rons would 
respond to the oscillating electric field. 

In spitc of the necessity for sorting out many super- 
imposed phenomena, conductance measurements have 
been developed to a very high art, primarily during t,he 
decades between 1920 and 19.50, with precision of the 
order of O . O 1 ~ o  attainable (1). The techniques de- 
veloped for dilute electrolytes were based to a eonsid- 
erable extent on the thorough investigations of Grin- 
nell Jones and co-workers, who discussed Wheatstone 
bridge design (II),  conductance cells and electrical 
leads (If) ,  the electrode polarieat,ion resistance and its 
frequency dependence (Is),  the effect of high electric 
fields in increasing the conductance (the Wien effect) 
(14), and errors arising from tlie use of water rather than 
oil in constant t,emperature baths (1 1). It has become 
customary to adopt the techniques developed specifically 
for dilute aqueous electrolytes by Jones and co-worlters 
even for studies of other media, e.g., molten salts, vhere 
modifications required for measurements of high ac- 
curacy fallow from the principles enunciated by Jones 
(15). 

Alternating Current Conductance Measurements: 
Equivalent Circuits 

It should he recognized that, just as there are no per- 
fect gases or ideal solutions, t,l~ere are no perfect (i.e., 
frequency-indcpendent) electrical components-pure 
rcsistnnces, pure capacitances, or pure inductances (16'). 
Even if there wcre, it  would not be possible t,o represent 
most electrnchemical processes exactly in terms of such 

h e a r  electrical components. Nevertheless, even an 
approximate representation facilitates analysis of elec- 
trochemical measurements in terms of ionic models (1). 
Electrical components representing electrochemical 
processes and stray current paths in a conductance cell 
are indicated schematically in the equivalent circuit in 
Figure 2 and are discussed below. Some of the high- 

Figure 2. Electrical equivalent circuit of a conductonce cell showing re- 
sistive and capacitive elements corresponding to circuit cornponenb ond 
electrochemical processes. 

frequency paths are primarily nuisances, to be elim- 
inated when possible. The double-layer capacitance 
and Faradaic impedance, on the ot,her hand, although 
difficult to evaluate, cont.ain valuable information on 
surface properties and on rates of electrode processes. 

Conductance Measurement 

The evaluation of electrolytic conductivity generally 
is a comparative procedure. A conductance cell is 
calibrated by determining its cell constant, l/A, using 
a solution of known conductivity. 1,lA is the ratio of 
effective length and cross sectional area of the conducting 
pabh (rather than the geometric value). The con- 
ductivity, or specific conductance, is then calculated as K 

= (Z/A)(I/R) where R is the measured resistance. The 
conductivity standards are aqueous KC1 solut,ions mea- 
sured by Jones and Bradshaw (1 7) and traceable hack to 
the measured conductance of a mercury thread in a cell 
for which the geometric length and cross-sectional area 
give t,hc cell constant.. The Rohlrausch method em- 
ploys a Wheatstone bridge, alternating current, and 
plat,inum electrodes which have been coated electro- 
lytically with a deposit of platinum black t,o increase the 
surface area and reduce the polarization resistance (18). 
(In very dilute solutions, platinieation may introduce 
errors through adsorption of solute.) The bridge 
circuit generally must contain not only resistance, hut 
also capacitance (or inductance), to balance the capaci- 
tive effect,s in the conductance cell. 

Capacitive Balance 

A cursory examination of several widely used and 
highly regarded textbooks and laboratory manuals of 
physical chemistry reveals the following incomplete or 
inaccurate expositions of the origin of capacitive effects 
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in the cell and the need for capacitance in the bridge 

1. No discussion. 
2. The capacitance is required simply to sharpen detection of the 

minimum in the imbalance ~otential  but has no effect on t,he ~ ~ ~~~ ~~~. 
measured resistance. 

3. The balancing capacitance is required to compensate the 
capacitance of a dielectric medium between the electrodes in 
parsllel with the resistance of the electrolyte in the con- 
ductance cell. 

4. The capacitance is required to balance stray capacitance in the 
bridge circuit components, connections, water bath, ete. 

The third and fourth factors certainly introduce ca- 
pacitance in the circuit, but the major capacitive contri- 
butions and source of frequency dependence under the 
usual conditions in conductance measurements arise 
from the electric double-layer at the elect,rode-electro- 
lyte interface at applied voltages below the decomposi- 
tion ~ o l t a g e , ~  and from the frequency-dependent resis- 
tance (impedance) associated with the Faradaic pro- 
cesses at voltages above the decomposit,ion voltage. 

Parallel Capacitance 

The parallel capacitance of the medium between the 
elect,rodes is given by 

where D is the dielect,ric constant of the medium, c is 
t,he velocit,y of light (3 X 101° cm/sec), and 1/A is the 
cell constant (19). For a dilute aqueous electrolyte the 
diele~t~ric constant may be taken as that of water, -78. 
A cell coustant of order 1 would thus yield a parallel 
capacitance of only C' 7 picofarads. The corre- 
sponding magnit,ude of impedance (ac analog of resis- 
tance, i.e., ratio of voltage to current), 1/2?rfC1, is of the 
order of 2 X lo7 ohms a t  1000 Hz, in parallel with t,he 
electrolyt,e resistance, and therefore has little effect on 
measnrement,~ of electrolyte resistances below lo4 ohms. 

Series Capacitance: The Ideal Polarized Electrode 

It has been pointed out above that the accumulation 
and dissipat,ion of an excess of positive or negative ions 
at the electrode surfaces const,it,utes the charging and 
discharging of a condenser. This model of the elec- 
trolyte-electrode interface has been supported by exten- 
sive investigation, e.g., by Grahame (90) with mercury 
electrodes and highly purified electrolyte solut' dons. 
He showed that the current a t  dc voltages below the 
decomposition voltage is negligibly small (as expected 
for a "true" capacitor), and that with alternating cur- 
rent,, the double-layer capacitance is essentially inde- 
pendent of frequency, behaving as a capacit,ance in 
se l ies ,  not in parallel ,  with t,he solution resistance. An 
electrode such that no charge crosses the phase 
boundary when t,he potential is altered slightly is termed 
an ideal polarized electrode ($1). It requires the ab- 
sence of species capable of being oxidized or reduced at, 
t,he volt,age applied to  t,he electrodes. Absence of fre- 
quency dependence of the capacitance indicates that the 
ionic distribution in the double-layer readjusts rapidly 
to changes of potential (at. frequencies up to t,hose cor- 
responding to theDebye-Falkenhagen effect (39)). 

Although electrodes in conductance cells generally do 
not satisfy all the criteria of the ideal polarized elec- 
t,rode, the model of a renistance in series with a capaci- 
tance appears to be a reasonable approximat,ion. Thus 

extensive measurements with conductance cells have 
demonstrated that the series capacit,ance varies little 
with electrode separation but increases with increasing 
surface area (obtained by increased platinization of the 
electrodes) (1 3). An important physical implication of 
the series capacitance is that it derives from interactions 
a t  the electrode surfaces rather than from bulk effects, 
such as relaxation processes in the electrolyte, which 
would be manifested as a parallel capacitance (95). 

The magnitude of the double-layer capacitance for 
many electrolyte-electrode systems including aqueous 
solutions and molten salts is of the order of 10-100 
microfarads per cm2 of electrode surface (1, IS, 16). 
This leads to a magnitude of impedance at 1000 Hz of 
the order of 

1 - = -  I = 1.6 - 16 ohms 2rjC 6283C 

a t  a 1 cm2 electrode. The impedance in series with the 
electrolyte decreases with increasing capacitance or in- 
creasing frequency, and a high double-layer capacitance 
greatly reduces errors in ac conductance measurcments. 

Hence for resistances of less than lo4 ohms the model 
of a conductance cell as consisting of the electrolyte 
resistance in series with the doublelayer capacitance, 
though not exact, is a more reasonable physical ap- 
proximation than that of a parallel resistance-capaci- 
tance combination. 

Faradaic Impedance 

Conductance measurements are sometimes made with 
ac voltages as high as several volts, i.e., above the de- 
composition potential, and with electrodes platinized to 
reduce polarization (13). The use of such high volt- 
ages probably stems from t,he formerly low sensitivity 
of detectors, which is no longer a problem. At ap- 
plied voltages above t,he decomposition ~ o l t a g e , ~  the 
double-layer capacity, C,, in series with the electrolyte 
resistance, is shunted by an impedance, Z,, associated 
with the transfer of charge through the electrolyte- 
electrode interface, as indicated in Figure 2.  There is 
no simple representation of this Faradaic impedance in 
terms of frequency-independent resistances and ca- 
pacitances. In  conductance  measurement,^, this im- 
pedance leads to high apparent values of the measured 
resistance, hut decreases with increasing frequency. 
It is considered to have a resistive component at- 
tributed to a finite rate of electron transfer at the elec- 
trode surface (7). Warburg attributed t,he observed 
frequency dependence in conductance measurements t,o 
concentration polarization-the deplet,ion of electro- 
active species at the electrode surface so that the cur- 
rent is limited by diffusion of such species to the elec- 
trode--resulting in an impedance proportional t,o the 
reciprocal of the square root of frequency, AR = k w-"' 

(8, IS). Linear extrapolation of measured resist.ances 
to infinite frequency by plotting against w-'I' elim- 
inates this error. Grahame also found t,his form of fre- 
quency dependence for impedances associated with an 
electrochemical reaction, but under t,he restrict,ive as- 
sumption of vanishing sine wave amplit,ude, which 
limits its validit,y for ~onduct~ance measurements (20). 
Many cases of frequency dependence ot,hcr than w-'I' 
have been reported, however, and ext,rapolation to in- 
finite frequency is best carried out with functions 
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found empirically to be nearly linear unless a frequency 
independent range can be found (24). 

The part of the polarization resistance resulting from 
electron transfer processes of finite rate is not elim- 
inated by varying the frequency, and the extrapolated 
resistance then includes both the electrolyte resistance 
and a residual polarization resistance relat,ed to the 
specific rate of the electrochemical process (7, IS). 
Detection and elimination of this source of error, n-hich 
generally is only serious with very low electrolyt,e re- 
sistances, i.e., several ohms or less, would require 
measurements in cells a-ith differing conductive path 
lengths, and hence electrolyte resistances, but with 
identical electrodes. 

Parasitic Effects 

High-frequency effects resulting from stray capaci- 
tances in leads, connections, and improper ground con- 
nections can be minimized by avoiding close placement 
of electrode leads and by the use of the Wagner ground 
( 1  1 6  The "Parker effect" (Fig. 2) in high-resistance 
solutions may result when there is a resistive path 
through the electrolyte in series with, and capacitively 
coupled to, parallel (insulated) electrode leads passing 
through the solution; it can be eliminated with appro- 
priate cell design (1,9,,95). 

Rlysels et al. have analyzed an effect important with 
very high resistances, e.g., lo5 ohms, resulting from 
capacitive coupling of the electrolyte in the conductance 
cell to ground through the high resistancein the cell and 
thermostat (B6). This is difficult to avoid in measuring 
the conductance of solvent (necessary for obtaining 
electrolyte conductances in very dilute solutions). 
The effect leads to an apparent increase of resistance 
with increasing frequency, in contrast to the effects of 
polarization and capacitive shunts. The authors show 
that the anomalous excess resistance varies as the square 

tance. 

Bridge Balance for Series or Parallel RC Circuits 

At any one ac frequency it is possible to represent a 
resistance-capacitarlce combination in a "black box" 
equally well as a series or parallel combination, since ac 
measurements with sinusoidal applied volt,ages pro- 
vide only an absolute impedance and a phase sh<jt4 ( I F ,  
27). I t  is thus necessary to vary the frequency to dis- 
t,inguish between the two possibilities (or to use wave- 
forms other than sinusoidal). Alt,hough many Binds of 
detectors mny be used as null indicators for the Wheat- 
stone bridge, an oscilloscope is recommended since it 
provides a visual display of both t,he phase shift. and im- 
balance potential. 

Balance of  Pure Resistances 

Figure 3 shows the circuit of a Wheatstone bridge and 
the conditions of bridge balance for the idealized case 
where all components are pure resistances. The un- 
known resistance is indicated by R,, and Rg is a vari- 
able resistance for bringing the bridge to balance by ad- 
justing the current, I, in the lower arm until the differ- 
ence of potential between points C and D is zero. If 
the vertical deflection plates of an oscilloscope are used 

. "1) 
as the voltage null detector, and a 3e sine-wave generator is connected to 
the horizontal plates, bridge imbal- 
ance is indicated by a sloping oscil- 
loscope trace whose vertical projec- q tion is proportional to the voltage 
difference between C and D, and 
whose horizontal projection is pro- 
portional to the peak-to-peak volt- 

B a ~ a k c E  covD,T,3w age applied between A and B. A 
Yro-o  horizontal line - indicates balance 

-.=lO1l, D7.1il (Vc - V D  = 0, R, = RB), and this 
% =, - * -  
I. /.. condition is independent of the fre- 

quency of the applied voltage. If 
the unknown resistance is a conduc- 

Fiewe 3. Bdance tance cell, the oscilloscope trace 
conditions for 0 
Wheotstone br idge generally is an ellipse rather than a 
with pure (frequency straight line, because the cell is not 

independent] tancer and either oc 
a pure resistance. I t  is then im- 

or dc possible to bring the imbalance po- 
tential to zero at any frequency 

simply by adjusting RB because the current is not 
in phase with the applied voltage. Introduction 
of a variable capacitance (or inductance) into the bridge 
permitas compensation of the phase shift (time lag) and 
balance of the bridge. 

4 The phase shift or time lag between current and volt.age, 
caused by the eapaoitance follows from consideration of the ap- 
plication of IL sinu~oidal voltage, Ti, sin 27 jt = VO sin wt, across E 
capacitor, C. The charge stored by the capacitor s t  any instant 
is q = CV and the current is i = dpldt = CdVldt = wC Vo 
cos at. Hence the current leads the voltage by 90°, reaching its 
peak at  t = 0, 27/w, . . . while the voltage peak occurs at  t = 
T/W, ,5~/2w . . . For a series resistance-capacitance circuit (like 
thet between points A and D in Fig. 4)  the voltage drop u, across 
the capacitor is the difference between the voltage u applied to 
the cirouit and the iR drop through the resistor 

vc = V - iR 

The current is given by the rate of change of charge of the 
capacitor 

d i  dv 
RC- + i = C- 

dt dt 

For sinusoidally varying voltage and current whose peak values 
are shifted in phase (displaced in time), the solutions are combina- 
tions of trigonometric functions. The algebra is much simpler if 
complex functions replace the trignometric functions, - recalling 
thet e'. = eos I + j sin 2, where j = 4-1. Substituting 
u = V& and i = Iej-1 in the above differential equation, noting 
that V and1 are independent of time but mey be complex (e.g., 
I = IIl:eim", V = IVI el'-", w (r' - ~")beingthephaseshift)yields 

jwCRIei.* + I e h L  = jwCVeiuc 

(jwCR + 1)1 = jwCV 

Z is the total impedance, IZ( its absolute value. l/jwC is the 
capacitive reactance. See, e.g., reference (g8). 
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Balance of Series RC Circuit 

For cases where the conductance cell may be ap- 
proximated as a series combination of a pure resistance 
and pure capacitance, the balance conditions for two 
bridge circuits are shown in Figure 4. (The resis- 

Figure 4. Balancb conditions for m series RC circuit in bridges wilh sevies 
or pardel RC balancing arms. 

tances in the upper arms of the bridge have been set 
equal (R1) to simplify the equations, but the equations 
can be derived similarly for unequal resistances.) The 
conditions are exact if the electrical components are 
those represented in Figure 4, i.e., if the cell is a true 
RC circuit. If it is not, the equivalent circuit must be 
known (or assumed) if a physically significant resistance 
is to be calculated from the resistance and capacitance 
readings of the balanced bridge (1). 

The condition for zero potential difference between 
the vertical plates of the oscilloscope is, as in Figure 3, 
that the voltage drop between points A and C be equal 
to that between A and D; similarly, equality of the 
voltage drop from B to C and that from B to D is re- 
quired. Now however, the phase shift, or lag between 
voltage and current peaks, resulting from the capaci- 
tance in the circuit, requires expression of the voltage 
drop in terms of the tmpedance, comprising a veactiue 
component (here a capacitance) in addition to a ~esist ive 
c~mponent.~ The algebra describing the components 
of the impedance is handled most simply with complex 
notation (87, 88). Thus the impedance of a series 
resistor and capacitor is the complex sum of imped- 
ances of the resistance, R, and of the capacitance, 
l/jwC, wherej = d x a n d o  = 2rj. 

Equating impedances a t  balance in Figure 4, it is seen 
that the balance condition for a series combination by 
another series combination (Fig. 4a) a t  any frequency is 
equality of both resistances and of both capacitances, 
since equality of two complex numbers requires equality 
of the real parts and of the imaginary parts indepen- 
dently. A similar result would obtain for balance of a 
parallel combination by another parallel combination. 
(It should be noted that complex numbers are not 
vectors, as is sometimes erroneously stated. Al- 
though they add vectorially, their products are not dot 
or cross products; i.e., j2  = - 1, not + 1 or 0.) 

In balancing a series RC combimation with a parallel 
combination (Fig. 4b), however, the resistances in the 
two lower arms of the bridge (and the capacitances) 
will not be equal, and the balancing resistance (and 
capacity) will vary with frequency, i.e., show frequency 
dispersion. The balance conditions are those of the 
Wien bridge (a circuit formerly used to measure fre- 
quency with calibrated resistors and capacitors in the 
bridge circuit) (16). Thus the resistance reading on a 
parallel RC component bridge, when balancing a series 
RC circuit, will vary with frequency, and the true re- 
sistance must be calculated with the equations in Figure 
4b. Often, in conductance measurements, this cal- 
culation is omitted. Rather it is assumed that RH = 
R,, an approximation valid a t  small values of oCBrRBr 
(or, correspondingly, at high values of wRsC,). The 
latter condition generally holds quite well for mod- 
erately dilute aqueous electrolytes under the usual con- 
ditions of measurement of resistances of the order of 
lo3 ohms and greater. It is more difficult to attain for 
molten salts, owing to their much higher conductivities, 
unless capillary cells areused. Thus (Fig. 4) 

It may be seen that the factor in brackets differs little 
from unity for, say R, = 10000, j = 1000 Hz, and Ca = 
100 ,LF (i.e., 1 + 3 X lo-=), and the computation of 
R, from R,, 

is unnecessary. However for measurements in molten 
salts, with high conductivities, or in cells with low 
electrode capacitance, the term 

Parallel impedances add l i e  parallel resistances, but 
the complex notation must be retained, resulting in the 
equations for a parallel resistance-capacitance com- 
bination6 

6 The balance conditions for Figures 4a and 4b are derived as 
follows 

VAC = VAD; iR1 = IZB 

Vsc = VBD; iRr = IZa 
:. IZ, = IZ,. 2, = ZB 

Similarly 

ZB' = Za 

Also see foatnote4. 
These electrical equations are of analogous form to those for 

mmy mechanical, acoustic, or chemical systems in which the 
resnonse to a. sinusoidallv vsrvina ~erturbatian is shifted in . - -  
phase ss a. result of relaxsrtion processes that can store (capaci- 
tive) or dissipate (resistive) energy (48, 49). 
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may become quile large relat,ive to unity, requiring the 
calculation of R, from R,,, CB, and w (7, 15, 29). For 
a 10-ohm resistance, thc error of assuming R, = Rg, 
would bc 3%. The error (RB.  - R,) could exceed the 
value of R, at. still lower resistmces, that might be ob- 
served in, e.g., crucible cells with small electrode sep- 
arations. It may be convenient in some cases to elim- 
inate the calculation by employing a bridge with a series 
RC balancing arm as in Figure 4a. The parallel com- 
bination is more frequently used because, as may be 
seen from the equations of Figure 4, the parallel ca- 
pacitance required to compensate a series capacitance of 
100 pF at 1000 Hz with a resistance R, = lOOOS7 is 
only CW 3 X pF = 300 pF, and small capaci- 
tances can be obtained with higher accuracy and less 
frequency dependence than large ones. 

With a conductance cell that is not a pure series RC 
combination, some frequency dependence of measured 
or calculat,ed R, still may be observed, and extrapola- 
tion to infinit,e frequency as a function of w -'I' or a more 
appropriate empirical function of frequency still may 
be required (15, 24). This extrapolation should not, 
however be based on an incorrect equivalent circuit of 
the cell. The fact that one does not know the exact 
equivalent circuit of the cell does not eliminate the 
necessity of a choice if a resistance is to be calculated 
from the measurable impedance and phase angle, and 
the series RC combination is the best approximation in 
many cases. 

Application to Special Systems 

Molten Solts 

There has been increasing interest in molten salts, as 
models of ionic liquids including concentrated aqueous 
electrolytes (SO), and for pract,ical application in 
molten salt nuclear reactors ($I), fuel cells (%), and 
metallurgical processes ($5). Many molten salt elec- 
trochemical experiments are suitable for undergraduate 
laboratories (54, $5). 

In moken salt conduct.ance measurements the ap- 
proximation RB, = RJ in Figure 4b frequently is not 
valid because of the low risistance, especially for cor- 
rosive melts which cannot be cont.ained in capillary 
cells, but must be measured in crucible-type cells with 
low cell constants (29). Failure to make the appro- 
priate calculation of R, from RB, and CB, (or an erro- 
neous correction resulting from flaws in the bridge) may 
lead to spurious frequency dispersion. Measurement 
with a series component bridge (Fig. 4a) has been em- 
ployed t,o eliminate t,his error, and has yielded nearly 
frequency independent results at frequencies up to 20 
khz, confirming the usefulness of the series RC repre- 
sentation of the conductance cell for molten salts (15, 
56). Any bridge should of course be checked by mea- 
suring standard electrical components in the range of 
anticipated resistance and capacitance values. It 
would appear desirable to reduce the amplitude of the 
sinusoidal voltage below the decomposit,ion potential,3 
if possible, to approach t,he frequency independent con- 
ditions a t  an ideal polarized electrode (15) and avoid 
electrolysis (37). Some very careful studies of molten 
zinc chloride by Bloom and Weeks, however, showed no 
frequency dispersion greater than 0.1-0.270 at fre- 
qucncics between 0.5 and 100 khz and a t  voltages be- 
t,aeen 0.1 and 1.0 V (58). The polarization resistance 

can be further reduced by platinizing the electrodes 
(IS), thereby increasing the surface area and reducing 
the current density. 

Speciol Methods 

Difficulties associated wit,h frequency dispersion 
have encouraged at,tempts at other means of measuring 
conductance. Icing and Dulcc (39) mcasured dc con- 
ductance in molten alkali nitrates using silver electrodes 
in thin-walled glass compart,ments t,o sense t,he i R  drop 
through the solution. Their cell contained four elec- 
trodes, two to carry current and two to measure the po- 
tential drop without carrying current. This method, 
however, requires reversible electrodes, frequent,ly not, 
available for systems of int,erest,. A four-electrode ac 
potentiometric met,hod also has been reported (40). 
One way to eliminate ~lect~rode polarization is to elim- 
inate electrodes. Electrodeless conductance measure- 
ments have been accomplished by coupling a loop of 
electrolyte in an appropriate t,ube to a transformer cir- 
cuit or a het,erodyne circuit (41). These special meth- 
ods, while useful in particular cases, lack the generality 
of the ac bridge method, and have not been widely 
adopted. 

Solid Electrolytes 

Interpretation of polarization effects at electrodes in 
solid ionic conductors is greatly simplified by recog- 
nizing the series representation of the resistance ca- 
pacitance combination (25). Double-layer capacities in 
solid electrolytes are comparable to thosc of liquid 
electrolytes. A value of 200 pF/cm2 has been re- 
ported for solid silver bromide. 

Dielectric Constant 

A realistic equivalent circuit must bc employed also 
for the evaluat,ion of dielectric constant from capaci- 
tance measurements in the presence of an ionic leakage 
current (42). Here it is t.he capacitance which is re- 
quired; t,he parts of the impedance resulting from dis- 
sipation of energy, i.e., dielectric loss, inherent elec- 
trical conductivity, and impurit,y conduction, must be 
e1iminat)ed in order to obtain the part of t,he impedance 
associated with t,he storage of energy. 

Summary 

Conduct,ance measurements are among the most ac- 
curate of the classical techniques available in physical 
chemistry, but, attainment of high accuracy for sys- 
tems of diverse properties requires an understanding of 
the electrochemical processes accompanying current 
flow through a conductance cell and its electrodes. 
Many commercial instruments operat,e at a fixed fre- 
quency and fixed voltagc which make it difficult to 
assess possible errors associated with e1ect)rode polar- 
izat,ion, bridge circuit,ry, parasitic effects, or unrealist,ic 
equivalent circuit. (The black box syndrome has been 
commented on also with regard to other areas of chem- 
ical instrumentation (4.9.) 

With increasing interest in unusual materials and 
conditions (5, 15, 44), accompanied by the ext,ension of 
conductance measurements to systems of very high 
(molten salt,s) or very low (solid electrolytes, organic 
solvents) conductance, it becomes nece8sary t,o modify 
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standard techniques developed for aqueous electrolytes 
in accord with fundamental principles if serious error is 
to be avoided. 

Conductance experiments in undergraduate labora- 
tories, or as special projects, might well include studies 
of the effects of varying frequency, voltage, and elec- 
t,rode surfaces in various media. These could serve as 
an introduction to ideas on electrode processes impor- 
tant not only to conductance measuremenk, but to 
wide areas of physical chemistry (45) and electroma- 
lytical chemistry (46, 47). 
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