CHAPTER 14

Current Flow Methods
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The property of certain solutes to cnable a solvent to conduct electricity
when dissolved in it was observed very carly in the history of science and was
used to distinguish between those classes of solutes called *“sults'” and those
called “nonsalts.” The development of our current concept of jons and
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dissociation stems directly from efforts to explain the conduction jof elec-
tricity by solutions of salts. At the culmination of a century of expefimental
cfforts and theorctical interpretations as to the nature of kalts in solution,
our present concept of ionic dissociation was proposed by Svante Arrhenius
in 1887" when he suggested that ions are present at all times in solutions of
salts, the current the solutions carry being the result of simple passive
transfer of the ions from one clectrode to the other under the impulsc of
impressed voltage. Future work has indicated many of the details of
Arrhenius’ original theory were in error, but the general concept of ionization
and ionic conduction is still accepted as correct.

The clectrical propertics of solutions, particularly those properties in-
volving the flow of current, are indications of the ions present in solution,
their conditions. and their concentrations, all in response to an externally
applicd stress, voltage. The measure of the capability of a solution to carry
current is the electrical resistance of the solution, better expressed for our
purposes as the conductance, the reciprocal of the resistance.

141 CONDUCTION OF CURRENT

The process by which current is transported through matter varies greatly
as one considers the various states of matter from solids to solutions. Solid
conductors in general have the lower resistances, while temperature has a
greater cffect on the resistance of solutions. The effect of temperature on
the conductance of solids and solutions best illustrates the basic differences
in the manner and mechanism of clectrical conductance in these two
materials.

Raising the temperature of a solid normally -increases its resistance.
Because the charge carriers are electrons and higher temperatures increase
the state of kinetic motion of all the atomic elements of the solid, the passage
of these clectrons is made more difficult, so that the resistance increases.
Solutions, however, show very marked decreases in resistance with increasing
temperature. The charge carriers are often molecular in size, though
always much larger than subatomic clements, and their passage depends
heavily on the viscosity propertics of the bulk solvent. As the viscosity of
most solvent svstems decrearss markedly with temperature, such a change
produces a corresponding drop in solution resistance.

The conductance of a solid therefore is then considered to be a propernty
of the material (although “*doping™ or alloying very pure metals will produce
cffects characteristic of the “solution™). while the resistance of a solution s
to a large extent a property of the dissolved tons. [t s this basic idea that
makcs conductance usclul as an analyvtical procedure, and it 1s the methods
and 1deas underlying the use of conductance as a to tool study these dissolved
ions we wish to develop.
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142 SOME BASIC ELECTRICAL CONCEPTS
AND DEFINITIONS

Although our purpose is to consider the electrical properties of solutions,
the definitions of terms and the systems used in the measurement of these
properties are perfectly general for all conducting solids. and may be best
introduced in terms of solid conductors. Only the briclest of reviews will
be presented. The student is referred to any elementary physics teat for
general discussion.?

A. OHM'S LAW

Ohm’s law is the basic equation describime tie: elationship: between: the
three common electrical parameters, current, voltage, and resistance. 1t is
an equation having the identical structure of the equations of motion in
mechanical systems,

Force applicd

- — = resulting motion
Resistance to motion

Potential difference

- = current
Resistance

(Ohm’s law)
PD ¥ i
— =i (14.1)

“Potential difference” (PD) is, in precise terms, a force term related to the
work required to move a unit charge under its influence, but for the purposes
of measurement, a less precise, more accessible potential difference unit is
used, voltage. Voltage is defined-as the potential differcnce required to
producce a flow of 1 standard ampere through a standard | ohm resistance.
A useful analogy to Ohm'’s law and the relationship it describes involves
a water system with hydrodynamic pressure at the input, flow resistance in
the form of pipes in the system, and a flow meter to indicate water delivered
per unit time (terms corresponding to PD, R. and i). ' The - rciationship
between these three physical factors is preciscly that described by the equa-
tions, and the intuitive effect of changes in hydrodynamic pressure or pipe
constriction on the flow is precisely that predicted by the equation. Analogous
intuitive reasoning with regard to PP, R, and i in the electrical system
produces similarlycorrect predictions.
i s -

B. RESISTANCE MEASUREMENT

It is apparent that the resistance is a constant of proportionality between
voltage and current leaving units of volts per ampere or ohms (£2). To
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put the measured resistance of materials on some standard basis, a correction
for the size andfor shape of-the sample measured is made to produce a stand-
ardized measure, the specific resistance. By definition. the rcsist?ncc of a
cube 1 cm long with 1-cm? faces, the specific resistance (R,) is related to the
measured resistance. (R) by < i !

- %R (14.2)

where A and / are the measured sample’s cross-sectional area and length,
respectively.

For the purpose of describing the flow of current in a system, the inverse
of the resistance and specific resistance, the conductance L and specific
conductance L, arc used. These terms are directly related to current flowing
and can be related to voltage, current, specific resistance, and resistance in
simple ways.

L=UR L=1Rg (14.3)

' WL (14.4)

TR (14.5)
A

Several basic ideas must be kept in mind in accurately measuring values of
resistance. Because the resistance is normally measured from the effect it
produces on the flow of current, the measured value is the sum of all such
effects present. If the connecting leads or the points of attachment possess
significant resistances, these will be included in the measured value; for low
resistance measurements this phenomenon is of considerable importance.
As the resistance increases, these contributions become negligible; except
for very poor design, the resistances measured in solutions are too high to be
affected by this factor. _ ;

Measurements of the resistance of solutions possess a unique and particu-
larly troublesome difficulty, the effect of the electrode reactions. on the
solution properties. Aside from the changes flowing current produces in the
solution by ions moving, the largest single problem is the collection of
clectrode reaction products (notably hydrogen or oxygen) on the electrode
surface itsell. These products then oppose the desired electrode reaction
with a potential difference of their own, markedly diminishing or totally
cancelling the effect of the externally applied voltage. This effect. referred
to as “polarization.” is of particular concern in direct current methods,
where because the current always passes in the same direction. the etfects
of polarization continuously increasc until measurement becomes impossible,
This phenomenon is overcome to some extent by coating the electrodes with
“platinum black.”™ but the use of alternating current is much more successful.
By reversing the field rapidly. the products are not allowed to accumulate
and true polarization-free readings are obtained.
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C. MEASUREMENT CIRCUITS

The use of Ohm's law 10 measure resistance i olves a so-called series
circurt as shown in Fig. 141, By applying a hnown voltage as the battery, o
measured current would permit calculation of the resistance using [y,
(14.1). The problem that the precision of such measurements depends on
the calibration of the meter and the battery. as well as their constaney,
has led 1o the use of the bridge principle rather than this series circuit for
such measurements. so that no such calibratjons or constancy are required.
In general terms. the principle invalves balancing the current’s effects on the
unknown resistor against the same current’s effects on a calibrated. hnown

Bottery
| I,I
dil
Ampere
Metor
Unkno wn
Resistor
FIGURE I4.1: A simple series circuit suitable FIGURE 14.2: The Wheatstone
for measuring resistance using Ohm's law, B bridge for measuring the unknown

resistance D by comparing it with
the calibration resistance €.

resistor, resistance standards being much easier to maintain than voltage
standards. The design normally used is the Wheatstone bridge (Fig. 14.2).
The unknown resistor (or solution D) s being balanced against the adjustable -
standard C using the *'ratio arms™ A4 and B to determine the relationship
between C and D. When “balanced™ so that no current is indicated by the
ammeter between G and F/. the resistance indicated on Cis uniquely related
to D. The theory is straightforward and instructjve.,

In practice, the unknown js Placed at D and the resistance of C then
adjusted until no current flow is indicated in the meter. At this point, the
voltage at H and G are €qual (no current is flowing in the ammeter).
Designating voltage at u point by V with that point's letter as a subscript,
the voltage at F(V,) is distributed over the parallel circuits A, G, B, and
C. !, D. dropping to zero at E, and the voltages for each segment can he
calculated using Ohm's Jaw,

Fp= Vip= iR,

- Fe — Ky = iR,
Vg =1y = inlty = V,, (14.6)
Ve — Vi = iyRy = Ve

I“E =0
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where i, is the current through the resistor A, whose resistance is R,
Because V; = ¥, at balance, the same current passes through bothiresistors
in any one arm, i, = iy and ie = ip; with this in mind, ,

iRy =icR¢

(14.7)
iyRp =icRp
or, eliminating 7,
Re _Rp RD=[5_”]RC (14.8)
R, Rp R,

The valuc in the Wheatstone bridge lies in the fact that neither the actual
value of the current flowing in either arm i, or ic nor the voltage of the

FIGURE [4.3: The simplest form of the low frequency alternating-current bridge. The
oscillator is normally audiofrequency, about 1000 Hz, and the detector is often an earphone.

battery Vg is required for the calculation. Although it is not explicit in the
equations, variations in Vg play no part either, these having the same effect
on both arms. A variable, calibrated resistor R can be used to measure
very wide resistance ranges by using variable pairs of ratio arms R ; and Ry,.
Accurate measurements of their resistances are not required, only their ratio
Rp/R .

As described before, overcoming polarization requires the use of alter-
nating current for the best results, and alternating current presents special
problems in measurement and circuitry. There arc two general {requency
ranges of alternating current devices in use, so-called low frequency (i.c..
up to 1-2000 Hz. and high frequency, usually in the range of 1-10 mHz).

Because alternating current is affected by capacitance as well as by resist-
ance. alternating current bridges require adjustment for these capacitance
links in various parts of the circuit in order to balance the bridge. Thus
both resistance and capacitance balances must be made. In its simplest form
low frequency alternating current measurement requires the use of a circuit
as shown (Fig. 14.3). The adjustable resistance ar € sull measuies the
resistive component of the unknown resistance 2 the adjustable. non-
calibrated, varmable capacitor now balances the capacitance present in the
clectrodes and leads of the unknown resistor, or solutton, 2. Because tas
alternating current power we are using, an clectrome oscllator uscd as
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the power source, and an alternating current receiver such as an carphone
as a detector. To climinate as muchextrancousaliernating current as possible,
the vscillator and detector are normally tuned to pencrate and detect only a
particular Trequency, usually 1000 or 2000 Hz. Thus noisc from the over-
head hghts and other electric devices does not interfere. Considerably muore
complex. but alse more useful. circuits are available to balance the citpad
tance of the measuring ssvstem to the carth. The best known of those s the
Wagner Earthing circuit.® as illustrated in Fig. 14.4.

H “—detect.

FIGURE 14.4: The Wagner Earthing circuit for eliminating extraneous currents caused by
capacitance links to the earth.

The additional “balancing™ resistor and capacitors (R, C,, and C,) arc
used to bring point G to ground potential when the detector is switched to
ground. At balance then, not only are the resistance and capacitance factors
of unknown and standard (C and D) matched, but the detector inputs

(G and H) are groundced, preventing stray ground capacitance effects from
producing detector currents. !

° High frequency alternating currcnt measurement ([-10 MHz) requires
quite a different system.  The unknown resistance, or solution is placed into
an oscillating circuit, where its inductance (a function of its resistance and
capacitance) influences the frequency at which the circuit involving. 1t
oscillates. Several of the circuits used in this way are shown in Fig. 14.5.

A measurement of the change in oscillation frequency or power drawn
from the oscillator system by the cell and solution, or & measurement of the
adjustment required to bring the system back to its original state are the
measurement factors. In the former circuit, changes in values of plate or
grid current measuged on o sensitive meter are_made. .

Although several commercial instruments are available, a number of
relatively simple devices have been described in the literature. In Fig. 14,54
and 14.5b arc two of these showing one with the cell in the feedback loop
and one with the cell in the plate circuit. Both are used by reading plate

- current directly on the meters as functions of added titrant current. The
block schematic in Fig. 14.5¢ represents the concept behind the substitution
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2 i (replocaable)
col. = Inductor)

ta)

FIGURE 14.5a: High frequency triode oscillation circuit where the conductance cell is part

of the feedback loop. The replaceable inductor is used to vary the frequency of oscillation

and the meter shunt circuit serves 10 “zero™ the meter at the start of titration. Reprinted
from Rel. 4, p. 99, through the courtesy of the publisher.

Q

s

._‘
b -—1

EIGURE 14.5b: A battery-operated high frequency oscillator circuit where the conductance

is part of the plate circuit. The adjustable grid capacitor is used to set the starting current,

read on the 0-25 mA meter. The galvanometer is biased to allow precise readings of the

plate current during titration. R:primcd from Ref. 5, p. 492, through the courtesy of the
publisher.

©
¥

COsclllator

(c)

h frequency utrabon.

FIGURE 14.5¢: Block diagraim af the substitution method for heg
o relurn

During titration, the idpstmentm the two calibrated vanable capacitors, re uired t
s ] P
the sualem (0 1is pror state, iy noted.
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method.  Alter the osallator Trequeney as noted. tirant is added and the
change an the vanable capacitors required to return the osallator 1o s
former condition is noted as a function of the added utrant.

Systems imvolving high frequency have not reached the high precision of
loae frequency measurements and are customarily used only lor measuring
changes. such as detecting an end point during ttration, so that meter
rc;ldihug_:s alone are normally used in making the required eraphs.

143 PROPERTIES OF SOLUTIONS AS THEY AFFECT
- ELECTRICAL RESISTANCE MEASUREMENT

Solutions, the prime concern in pharmaceutical analysis, present some
very real differences and problems in comparison to solids when the meaning
and measurement of their conductance is considered.

A. ELECTRODE REACTIONS

As mentioned earlier, when current flows in a solid no real change occurs
in the circuit through which the current flows: in a solution, however, an
important but not always appreciated phenomenon occurs: a reaction
occurs at both electrodes whenever current flows.® As a corollury, some
reaction must occur (albeit small) for a voltage to be generated also, but the
initial concept is the one of concern in conductimetry. The importance ol
this idea lies in the fact that no current flows without producing suome change
in the solution, and in some cases in the electrodes. through which it flows.
It behooves the analytical chemist, therefore, to kccp such change-producing
current flow negligible or in some way cancelled, 10 prevent his measuring
tool from interfering with the measurement he wishes to make.

B. CHARGE CARRIERS

Unlike current flow in a solid, current in a solution is carricd by a varicty
of carriers (ions) derived from the solvent or from entitics dissolved in the
solvent: these carricrs have either positive or negative and single or multple
changes. In addition, because we are most often concerned analytically
with dissolved entities, the additional influence of their number and physicaul
state will influence their ability 10 carry current. The latter factors. concerned
with the effects of concentration and physical state, make the analvtical
prospects of solution conductance great.

« " As carlier, the general discussion involved dc aspects. The high frequency units sand
systems described do mnr require reactions at each electrode as n truth they meiane
inductance, a combination of factors includig resistance. not resistance alone and with
proper frequencies, the clectrodes do not contact the solution, For our purposes, e
(and low frcqucncy ac) systems will be considered here, the current flow-reaction 1dea 1
correct.
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C. MEASURING CELL

The solution being measured must be contained in a conductance *cell,"
a chamber made of high resistance and heat conducling-mat’erial in which
the “clectrodes™ are relatively rigidly placed. roughly as shown in Fig. 14.6.

weld
glass-metal

glass button

)

FIGURE 14.6: Scveral representatne condustance cells for titration (ap, small volume (b),
and high-precivion work (<) The detatl of 4 rigid mounting for an electrode 1y alxs shown,

The precise dimenstons and the design used will depend gzreatly on the fype
of analvtical work being done and the conductance of the solutions bemy
meiasured. but some zeneral points may be made.

Gliass is the usual external contmer material because of s cisd worka-
bilitn . hugh clectncal resistinee at temperatures satisfactony Tor seluton

measurements, structueal merdies s and ease ol cleamine,  The placement ol
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filling tubes depends on the purpose of the experiment. For titrations and
experiments where frequent additions are to be made to the cell, one with
a laree single opening as shown in Fig. 14.6a is often used. Smaller volumes
of 5o‘luuun are more simply filled if the tubes are in a vertical plane as in
Fig. 13.6b. Platinym is the customary clectrode matcerial: because of its
iffertness and high oxidation.polential. the conductancg,of most solutions
can be studied without atfecting the clectrodes. By proper design of the
;l:n:‘s-lo—mclai joint and the usc of heavy gauge lcad-in wires. the cell ¢lec-
trodes may be inade rigid (sce Fig. 14.6) as is required for precise, absolute
measurements.  The placement of the lcad insulation tubes is critical only
for ac measurcments: because the liquid of the temperature bath intervenes
between the leads, the closer these leads are together, the higher the capaci-
tance that must be allowed for in balancing. While rigidity is actually all
that is required, measurements are much simpler to make if the leads are
kept as far apart as possible. External connections are made cither through
a drop of mercury in the insulation tubes or by soft-soldering the leads
permancntly, directly in the insulation tubes. with a small torch.

The platinum electrode plates are usually coated with platinum black
after assembly to make the bridge system casier.to balance. This may be
accomplished by filling the cell with a dilute solution of platinum chloride
and passing current through the cell for several minutes in both directions.
In. cases where platinum black will create catalytic problems. it may be
omitted, but an increase in bridge balancing difficulties may Dbe expected.

Cleaning and aging cells after manufacture is of concern in all accurate
work. The ccll constant will be observed to change slowly for several
months after manufacture. after which it will remain stable indefinitely.
This process can be hastened at the time of initial cleaning of a new cell by
boiling for an hour in concentrated HCI then, after rinsing, boiling in
distilled water. '

D. SPECIFIC CONDUCTANCE

A solution in a cell has a specific resistance and conductance. defined
preciscly as discussed previously: it is not normally found by exactly meas-
uring the resistance o a precisely measured gap between the electrodes as
is usually done with selids. but by measuring the resistance of the cell filled
with a carefully prepared standard solution whose specific resistance and
conductance (L.} is precisely known (Demal solutions. Junes and Bradshaw®).
From this measured resistance K. the cell comstant A is. when requirec.
calculated from the equatien -

‘N = RL, 113,91

The constant A is rouzhly related 1o the dimensions of the electrode gap by

the equation
) length

B e S e (14.10)

clectrode area
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This constant is then used to convert the measured R for an unknown
solution to specific conductance L,. again using Eq. (14.9).

E. EQUIVALENT CONDUCTANCE

To completely describe the electrical propertics of a dissolved salt, the
conductance of 1 equivalent of the salt at thc concentration in question
(A at concentration ¢. equivalents per liter) is defined.

In a diagrammatic sense this is the conductance of a cell with clectrodes
I cm apart. but large enough to hold 1 cquivalent of the solution. The
volume of this cell is (1000/c) ml, and the conductance of this cell per square
surface of electrode area is the equivalent conductahee A,

1000L,
c

A= (14.11)
Most analytical conductimetry data may be used without conversion to
these more basic terms, resistance alone being adequate for the plotting
required.

F. DISSOCIATION AND ASSOCIATION

The development shown in the last section, of the parameter dependent on
concentration, implies in light of our earlier discussion of the relationships
between ions and conductance, that all of any dissolved material dissociatc
upon dissolution into its constituent jons. If this does not occur, the value
of specific conductance L, and thus the equivalent conductance A will
depend on the ions actually present, i.c., on the completeness of this dissocia-
tion. In truth, as discussed when the background of solution conductance
was being presented, the development of the present theory of dissociation
began with efforts to explain the data obtained from conductance measurc-
ments. The equivalent conductance of a completely dissociated: solute in
solution is normally referred to as the equivalent, conductance at infinite
dilution A,. As the solution becomes morc concentrated, the cquivalent
conductance is observed to decrease so that the degree of dissociation, or
jonization, x was early defined by Arrhenius' as

e b
. Ao
This cquation appears intuitively correct, but ignores the differences in the
solute ions at the two concentrations implied by A and Ke»

At infinite dilution, it is apparent that all molecules that can dissociate
will have done so and the ions so produced will have become as independent
of cach other as it is possible for them to be; at this concentration cach ion
will contribute its own intrinsic equivalent conductance 10 the measurcd

(14.12)

o
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cquivalent conductance; these are designated as A} or A7, for cations and
anions. These “limiting ionic conductances’ can be intuitively scen to depend
on the particular speed with which the ion in question moves through the
solvent used undér a ;ta,;ndard potential diffcrcncghgpllcd “mobility™ (u),
and the number of current units (coulombs) the ion carries in | equivalent &,
: o T 58 (14.13)
Once determined, these individual limiting ionic conductances could be
combined in any stoichiometric way to deduce (when required) the equivalent
ionic conductance at infinite dilution of any salt. As a first approximation,
at other concentrations, similar relationships are assumed to hold for that
fraction of the salt that is ionized, so that the measured equivalent con-
ductance at infinite and finite dilution is the sum of the contributions of ail
ions present (see any physical chemistry text for a table of limiting ionic
conductances, i.e., Ref. 7). As an example, at infinite dilution, for a salt
A B, .
Ay = nig + miy = &(np, + mu.) (14.14)
A = af(np, + mu_) (14.15)

‘where a is the fraction of molecules dissociated. Some of the assumptions
inherent in Arrhenius’ intuitive equation [Eq. (14.12)] can then be seen,

_ Anp. + mu_) at infinite dilution

= - (14.16)
Aq(np. + mu_) at concentration ¢

and x = A[A, only when p, and u_ are the same at all concentrations.

This factor is often assumed true in analytical work.

G. DEBYE, HUCKEL. AND ONSAGER

The final assumption of the last section was the culprit at whose door a
number of strange anomalies were laid as the ionic theory was being devel-
oped. Several “strong salts,” sodium chloride, etc., even when relatively
dilute, seemed to possess a finite x, suggesting that they were not completely
ionized in solution (despite other evidence to the contrary). Through the
work of Debye, Huckel.® and Onsager,” these anomalies were corrected on
both a theoretical and practical level by theorizing and correcting for the
interactions between the ionized molecules in solution. that affect the effect
of the external field on those same molecules. At the concentrations normally
involved in analytical work these equations permit nearly complete explina-
tion of the anomalics in conductancé caused by concentration that are
observed in solution of completely ionized salts. The corrections take the
form of a simple equation relating measured equivalent conductance and
concentration:

A=A, — (B3 + ONE (14.17)
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indicating that for solutions of finite concentration plots of cquivalent
conductance vs. the squarc root of concentration are straight lines.  Of
passing interest to us here is the facrthat the constants 0 and o arc theorcti-
cally caleulable from nonconductance data. Great studies have been made
in increasing our knowledge of solution conductance and the serious student
is referred to the work of Fuoss and co-workers.'

144 ANALYTICAL ASPECTS OF SOLUTION RESISTANCE

To the foregoing general discussions. the special problems ol the various
tvpes of conductimetric analyses must be appended. The more precise
problems of the use of conductimetry as a tool for the probing of the nature
of ions in solution are rather complex subjects in and of themselves and will
be dealt with only briefly. We are concerned mainly with the concentration
aspects of conductimetry and the use of that tool in measuring changes in
the solution concentrations of ions.

A. CELL AND TEMPERATURE CONTROL

As mentioned before, the conductivity cell is usually made of glass, with
platinum clectrodes. In high-precision direct current or low frequency work,
seeking A, for instance, exact knowledge of the eell constant is required and
rigidly positioned electrodes are essential so that the cell constant, once
determined, remains constant. The dimensions of such cells are made such
tha. measured resistance of the solution-containing cell is in the most
sensitive region of the bridge system, normally, 1000-10,000 Q.

As viscosity of the solvent is a prime effector of the velocity of the ions
and viscosity is very sensitive to temperature, the temperature of cells whose
resistance is being measured must be accurately known and controlled.
The viscosity of water varies at a rate of about 2%/deg near room tempera-
ture, so that to make measurements of aqucous solutions with a precision
of the order of 0.1 % requires that the cell temperature, be maintained constant
to at least +0.05°C. ,

The problems associated with ac measurements have been discussed
gencral. but an additional point ariscs in thesc systems when the measure-
ment cell is placed in a bath hquid. The capacitance contributed to the
system by the electrode leads into the cell depends. of course, on the lead
insulator positions and the diclectric constant or the interveming materiil,
Forprecise work a low dielectric constant bath oil is prekerred, but with
proper and rigid design, precise low frequency ac measurements can be
obtained using cells of the general shape shown n Fig. 14.6c, in a water
bath where the leads arc separated as much as possible.

Titrations and other low accuracy meiasurements can be made with much
simpler cells; often simply two pieces of wire mesh or foil clamped 1nto a
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vent holes

stiff mesh orfoll

FIGURE 14.7: A “dipping” conductance ccll, made of cork and glass tubing. The dimen-
sions may be adjusted 10 provide any suitable cell constant.

beaker will suffice. The homemade “dip™ cell shown in Fig. 14.7 functions
well, and can be conveniently varied for any resistance solution by adjusting
the area of mesh showing. It is fashioned from a stopper sliced, rcassembled
with electrodes in the slices, then pushed completely into the glass tubing.
A bit of de Kohtinsky cement, on top of the stopper completes the scal.

The only requirement for titration cells is that sufficient electrode arca be
accessible to the solution to permit the bridge system used to be read in 1t
most accurate region and that the electrodes remain in their relative positan
throughout the one titration.

Higher frequency titrations require (or permit) quite different. clectrode
placement methods. The electrodes are usually ourside the vessel and
rigidly mounted directly to the vessel walls. High frequency conductance
cells are normally variations of types shown in Fig. 14.8.

Coll type Capacltor Capacitor
type type

FIGURE 14.8: Three general types of high frequency conductance ceil.

-
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In the capacitative cell. the electrodes arc cylindrical metal foil rings or
plates with the glass solution chamber between. Because glass is a diclectric
mn tsell. the glass wall is kept thin, to contribute as little as possible to the
overall capacitance.  The coil-type cell usually uses a test-tube-shaped cell
made to fit snugly into heavy gauge: sclf-supporting coils.

145 EXPERIMENTAL METHODS

A. PRECISE MEASUREMENT OF LIMITING IONIC CONDUCTANCE

Studies of the physical properties of ions in solution most often require
estimates of Ay and/or measurements of the limiting slope of the Onsager

plot of A vs. Ve. .
-
v 5
leld
85

OO 002 003,
Uconc.

FIGURE 14.9: The plot of the data for Example | using Eq. (14.17).

The cell constant for the cell used must be precisely determined using an
appropriate one of the standard solutions of Jones and Bradshaw®; then,
using all the precautions outlined earlier, solutionsof decreasing concentra-
tion are measured. The contribution of the solvent to the conductance is
subtracted from the measured conductance using the cquation

L-twlul.el - Lllwhiuom = La!lol\'cnl) (14.18)
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and plots of the Onsager equation or some variation of it used to determine
-V and the slope from the soiute data so obtained. An example of such data
and its handling are shown below:

Exasmree 1: Conductance of tctram-hcxylammomum iodide i in methanol at
25°: W~
a. Cell constant
L23:(0.001 Demal KCl) = £.0001479 mho (corrected for solvent)
R (0.001 Demal solution) = 5557 2, 5524 Q, 5552 Q
b. Methanol solutions (L, ihanot (25, = 3.4 X 1077 mho)

L, (corrected for

Concentration, (Mean R value), y 2 - solvent),

X 1074 M x 10% X 10-* mho % 10~* mho A
8.991 1.051 7.79 7.76 86.4
5.464 1.685 4.861 4.827 88.6
1.633 . 5.295 1.548 1.514 92.7

c. Cell constant k = 35.544 x 1.479 x 107 = 0.8199 M
d. A plot of A vs. v'c yields Fig. 14.9, suggesting A, = 97.3

References to any of the newer texts on electrochemistry,!! or even one
of the older ones,’* should be made for specifics on high precision work
and in particular for aid in the interpretation of the data.

B. LOW FREQUENCY CONDUCTANCE TITRATION

Conductance measurements are most often used for end-point detection in
titrations; in this instance, a cell of the simplest type should be used, often
only a beaker with clamped electrodes or a dipping cell such as shown in
Fig. 14.7. Most titration-curve shapes may be theoretically deduced. and
even a brief discussion of the curve. shapes for several common titrations
and the methods used for deducing them will be sufficiently mstrucmc to
permit the student to deduce nearly any others of concern.

The basic assumption underlying conductance titrations is that the con-
ductance will vary lincarly with concentration. so that as the ion ttrated
decreases in concentration to zero during titration, the conductance changes
in a similar fashion. It is comforting that although the conductance of an
ion in solution by itsell decreases lincarly with the square roor of the con-
ventration, in the usual conductance sygtem used for utration, the relatnely
constant iomc strength of the solution permits strong electrolvtes to change
conductance quite lincarly with concentration. The association-dissociation
phenomena exhibited by weaker clectrolytes are then included as corrections
on this basic assumption.
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Titrauons ol strong acids and with strong bases are the simplest systems:
all ions concerned can be accounted for casily. and their andividual con-
ductances allowed for i assembhing the theoretical curve. The steps imvolved
in theorizing this basic curve shape ar®shown in Fig. 14,10, Allons present
in the mital solution sample are accounted lor in rato o their limtung iomc
conductances (note. we actually desire the accounuing o be in ratio to their
tomic concentrations and their hmiting ionic conductances mxrg. where mis

400
300
summat]
/\ curve
200/ (H'

100 /° OH~
b— — / [ ]
Jle—X"T*

@] 1 2

equivalents present

FIGURE 14.10: A hypothctical titration of HCl with NaOH {rom the start to 1 equivalent

beyond the end point. It is assumed that each ion present exerts its own limiting ionic

conductance. A1 each point, the total conductance is represented by the “summation
curve.”

total equivalents present and =z the degree of ionization, but in drawing
theoretical curves /, alone will suffice). The same accounting should be
done at the end point and at | equivalent beyond the*end point, assuming
ideality. These individual points are shown in Fig. 14.10.

When beyond the end point, it is of real concern 10 nole we arc USing n/,
for the titrant, where n is the equivalents o titrant present. One assumecs,
in Fig. 14,10, that all of the H~ 1s used with all of the OH~ to reach the end
poift: the Na~ added rises with the slope ni’y,, and the Cl= is constant
throughout. Connecting*all these basic points with straight liges produces
a rather gpood approximation of the conductance curve for this titration as
it 1s obtained. For weaker acids. corrections for vaniations in the degree of
ionization «, occurring during the titration, can be estimated from knowledge
af the acid being titrated or the base used.
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In effect two alterations are being made when correcting for dissociation;”
at and near the end point the occurrence of hydrolysis of the sait titration
product produces an “apparent non-end point” in that more titrant is present
than onc would expect, producing a pronounced rounding of the sharp break

~cxpected at the énd point...For example, at the end point of acetic and boric
acid titrations, solvent equilibrium produces the situations,

Ac- + H;O = HAc + OH-
Borate~ + H,O = HB + OH-

so that a sharp end point is not achieved. The same result is produced by
titrating a weak base with a strong acid.

400y

200

1
equivalents

FIGURE 14.11: Hypothetical titration curves for boric and acetic acid. Boric acid, being

very weak, contributes no conductance until the borate jon is produced as titration pro-

ceeds. Acetic acid shows the effect of initial weakness followed by common-ion suppression
of ionization. The degree of ionization is a function of initial concentration.

The amount of curvature to be included in deducing the curve for a weak
titrant is in direct proportion to the weakness of the acid or base being
titrated. This problem can be diminished somewhat by adding a miscible
solvent with a low dielectric constant. such as ethanol or acctone, to decrease
hydrolysis. Most olten the end point can be satisfactorily determined by
extrapolating the straight line portions before and after the end point to
their intersection at the actual end point.

The cffects of the degree of dissociation are allowed for at the puint where
the weak solute is in highest concentration: at the beginning of the utration
for a4 weuk titrant. The extremes at the end for a weak titrant are shown
with hyvdrochloric acid (for our purposes completely dissociated). Fig. 14.10.
and with boric acid (for our purposes completely undissociated). Fre. 14.11.
The first shows the completely additne elfects of ail constituent ons: the
second shows the effect of the very low dissociauon of the acid. a slow,
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proportionate rise in all jons present:  the borate 1on as produced as the
hydrogen ion s ttrated 1o the end point.

The ttration of acid such as acetic. intermediate between these two ex-
tremes, shows a low but finite dissdtiation and conductance imitially. Fig.
14.11 (the dissociation dependent on the concentration being titrated)
followed by a suppression of their initial dissociation by the common ion
produced in the titration as evidenced by a decrease in conductance, which
then rises slowly to the end point. All curves are essentially identical after
the end point, in essence, being due to addition of the titrant alene.

equivalents

FIGURE 14.12a: A hypothetical titration curve of a strong acid titrated with a weak base.
The overall measured curve is shown at the top.

300}
L *
A 200
/ 100LOH" 5 5
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- -—"_"""'__.'"'DB
/-,-\ a:li""E .
1 2

equivalents
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FIGURE 14.12b: A hypothetical titration curve of a strong base titrated with a weak acid.
The overall measured curve is shown at the top.
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The effects of titration on a strong titrant with 2 weak base or a weak acid
are handled similarly, but produce one interesting variation, as shown in
Figs. 14.12aand 14.12b. In passing the end point, little increase in constituent
ions is produced by weak titrants both because of their weakness and because
ionization is further suppressed by the high concentration of counterion
present as the product of the titration: the curve flattens almost immediately
after the end point. --
As an example of the handling of titration data, consider the following
titration of a mixture of acids with a strong base.

ExamPLE 2: Titration of sulfuric and acetic acids: 3 ml of sulfuric and 5 ml
of acetic acid solutions of unknown strengths added to 200 ml
of water and titrated with 0.2541 N NaOH, produced the
following results:

Titrant, ml Liresqy, X 10~* mho

17.7
149
11.7

—
O WO wnhwWN—O
0
N
—
[

Note that the stronger acid is titrated first and provided the
strengths differ by at least 2-3 pX units, the two end points
can be easily dcte_cted. (See Fig. 14.13.) '

Titrations involving other types of systems such as oxidation-reductions
and precipitations are handled in a similar manner, i.c., considering the ions
present at the three stages of the titration and correcting for the completeness
of the reactions involved; curves of generally the same shape are obtained.

The theory just developed has made some very basic assumptions that
should be considered: that the conductance system being used is capable of
accurate measurements of the solutions involved. that an increase in con-
centration can be obtained without increasing the volume (the abscissa on
these plots is concentration in equivalents, not milliliters added). The
first ol these can usually be solved by proper concentrations and - or clectrode
placement, spacing. and bridge design. The second is solved by using
titrant at least 10 times as concentrated as the titrand., and/or by correcting
l'or volume changes using the equation,

| R
Ln:ufr = Lmﬂu-urd ( V ) {l"‘ 19)
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In this equation }1s the initial sample volume and » the total titrant volume
added up to that reading. This correction will normally eliminate the slight
bending toward the abscissa that volume changes during titration produce.

Conductance titrations are most often performed in aqueous solvents, but
the system is not limited to water. Any solvent in which the compound to
be analyzed is soluble and in which the jonic concentration changes during
Utration is acceptable. The advantages of increased solubility for organic
compounds in organic solvents may be outweighed by the complications

o\
JE -
[ ; a/ ™
= T2F 3 P
0 o
. r4
o s __.,.-»-0'7
D gt )___o.-—o
7 ™ 3
-4} H,50, 4 ACETIC §
1}
al )
O 'l ' A1 1
5 .

titrant  volume (ml)

FIGURE 14.13: The plot of data l'réu‘n Example 2, titration of sulfuric and acetic acids with
sodium hydroxide.

of ion association that occur in low dielectric media, but the advantages of
increasing the ionization of weak acids and bases by dissolving them in
strongly basic or acid solvents should not be overlooked. Forexample, weak
acids such as hindered phenols can be titrated successfully in pyridine and
toluene.”?

Combinations of solvent have value as mentioned before, the addition of
up to 10 er 209, of water-miscible, low dielectric constant liquids such as
methanol, acctone, or ethanol to aqueous solutions, to suppress hydrolysis
and sharpen the end points of weak acids and bases is a particularly valuable
procedure of this type. ®

C. HIGH FREQUENCY CONDUCTANCE TITRATION

All of the foregoing portion of this section was presented from the stand-
point of dc or low frequency ac systems. The behavior, operation, and
results obtained from high frequency ac methods are sufficiently different
to warrant scparate discussion.

v
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High frequency titrations can involve either coil or capacitor systems with
the cell design differences discussed carlier. As the latter are much better
developed in the available literature, they will be the only ones considered
in detail. Without concerning ourselves with the analysis of the cquivalent
circuits of the eell-solution system, the high frequency conductance (G,) of
a solution in a capacitance system is related to the low irequency conductance
(L) by the equation, La’C?
G' =z 2 a

L+ o(C, + C))
an equation which also involves w, the frequency, C,, the capacitance of the
cell walls, and C, the capacity of the solution. It is of concern to note that
G, is lincarly related to L, the low frequency conductance, when L is very
small (resistance high), with a slope at most equal to 1 but most often less
than 1. For example, a plot of the high frequency conductance of a specific
system and cell as a function of L is shown in Fig. 14.14 for two frequencics;

{14.20)

SO¢

40
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2 T_f e ™
H ~
d]
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150t /’/--—-..,.\
100+ /!

s | /

SOP/
4 10 Me

250 500 750
Ls

FIGURE |4.14: High frequency transfer curves for a capacitance cell showing the relation-
ship between the high frequency (G,) and the low requency conductance (L,). Reprinted
from Ref. 14, p. 89, through the courtesy of the publisher.
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as one might surmise by studying the equation, the height and the value of
L at which the maximum G, occurs is & lunction of the frequency used for
analysis. -~

These so called *“transfer curves™ are of concern, as the result obtiined
from a high frequency titration depends heavily on them. Let us consider

50
7 -
40/\4 \it_.
Gp 30(
20}
10 -
1 2
equivalents 0
{
-0 low-frequency
6- curve
3
2
! ]
] :
N : :
106 200 | 1400
150
100
ce _ | 10 M
5O, e
hligh-Frequency
curve .
1 3 2 100 200 300 400
eaquivalents present condJctance L

FIGURE 14.15: The usc of high-low frequency transfer curves to deduce the shape of a high
“ . -
frequency titration curve from one obtained at jow frequency.

the low frequency (or dc) conductance titration shown in Fig. 14.10 and usc
the transfer curves sfown in Fig. 14.14 to predict the shape ©f the high
frequency titration curves we would expect for that sunple titration system.

The variations in L as observed on the low frequency titration curve may
be transformed by replotting the corresponding G, points read from the
3- or 10-mc curves, into the V- and inverted W-type curves shown. It is an
interesting exercise to reduce the other general types of titration curves to
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high frequency curves using . >me standard transfer curves, for example, that
in Fig. 14.14,

ExampLE 3: Using the transfer curves in Fig. 14.14, predict the shape of
the following low frequency titrations at 3 and 10 me:

A weak and a strong acid A weak acid with a strong base

ml L mi L

0 277 0 200.0
1 249 1 210.0
2 217 2 217.5
3 192.6 3 225.6
4 184.0 4. 233.9
5 187.1 5 2440
6 191.5 6 258.6
7 195.0 7 275.4
8 199.4 8 292.8
9 212 9 209.3

10 225 10 2120

It is of concern here that the shape of the high frequency curve
is directly dependent on the position of the transfer curve peak
and the absolute value of the low frequency conductance
readings. Small amounts of added salts, which produce only
a vertical shift in the titration curves made at low frequencies,
may well move the high frequency to-a much less sensitive
region (put the end point at or just near the G/L peak) so that
experimentation with concentrations, while desirable in low
frequency titration, must always be considered with high
frequency titration. It is also appareat from Eq. (14.20) and
Fig. 14.14 that as the sharpness of the end point is dependent
of the slope of the G,/L plot and this slope is essentially inde-
pendent of frequency at low values of L (where sensitivity is
highest), variations in frequency will not enhance end-point
sensitivity once an appropriate concentration is selected.

In practice, the transfer curve is not required, though it can be deduced
with known solutions by measuring L and G,. In practice, the concentration
of the sample is simply adjusted in the titration until appropriately sharp
end-point curves are obtained.

Systems involving use of measurements of capacitance change in the cell
during titration produce similar results. The relationship between the high
frequency capacitance € and the low frequency conductance L is

. LC, + w’C.C3 + w’C.C, -
L + o'(C, + C)

C (14.21)
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and plots of the change in capitance duning titration AC vs. L produce
transfer plots of the shupe shown in Fig. 14.16.

These plots may be used to deducg the high frequency plots from low
frequency utration data precisely as described Tor high frequency conduct-
ance. Agmin, however, these transler plots are not required: adjustment ol
concentrations to produce sharp end points being all that is needed.
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FIGURE 14.16. Transfer curves for high [requency capacitance change as a function of low
frequency conductance.  Reprinted from Rell 14, po 91, through the courtesy ol the
publisher.

Titration svstems using coil-type cells produce similar résults  The
versatility and suitability of high frequency titrations for pharmaccutical
analvsis are shown in the paper of Allen ¢t al.,'* who found high frequency
conductance titrations suitable for a vancty of titrants, including sulfu drugs
in avhivdrous acetic acid.
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D. CONCENTRATIONS AND KINETIC ANALYSES

Analytic procedures aimed at determining changes in concentration are,
from the conductance \'ic\\-pninl. often the most mterestng as well as the
easiest, as one uses changes in conductance rather than absolute values,
Absolute calibration is not required, therefore, only structural ngidity, As
an example, we will be concerned with studies in which kinetic constanis
are sought,

In any reaction in which ions are produced. used up. or exchanged,
conductimetry may often be used to perform an “analysis™ and to produce
the kinetic data desircd without the customary methods of sampling and
analysis, using only the conductance change. This is ol particular concern
in sealed systems, but is often of use in rapid reactions and those carried
out in small volumes. The classic ester hydrolysis serves as a pood exa mple
for the analysis of the problem.:

Ethvl acetate + OH= . — acetate* + cthanol
0 0
CH,—CZOCH,—CH, + OH" — CHy—C-0- + CH,CH,OH

If performed in a solution of suitable concentration for conductance
measurements, the exchange of the relatively immobile acetate ion for ihe
very mobile OH~ ion can casily be followed conductimetrically. The total
conductance is due initially only to the base added; during the reaction to
the residual base plus acetate product: and at the conclusion. to excess base
and total acetate (or acetate alone if the basc is the limiting reactant), If,
as we did with our titration assumptions, we assume that the conductance
varies linearly with concentration of all ions, then for cach ion:

Ly=f4(A")
Loy = fu{OH")

and taking as initial concentrations, Eand B, for estcr and basc, respectively,
the conductance at anytime can be described as,

Ligur = (B = x) + f,(x) + [, (14.23)
where x is the extent of the reaction and f, the contribution of any constant,

blank andjor solvent. Initial and final conditions may be similarly defined
for the usual case, where the ester is the limiting reagent:

(14.22)

Lo = [1,(B) +fx (1:4.24)
L, =B = E)+ [(E)+ [, (14.25)
Algebraic manipulation produces the result for 1 at time (/). “
LU:U;‘).’.‘E___"_‘.'_ (14.20)
ey — L-r
and, 5
Ee ko by (14.27)

(E-& bL.=L,
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which, along with knowledge of initial concentrations of base and ester,
will produce the required information for plotting the second-order equation.

E(B —x) _ (B— L)kt
B(E — x) 2.303
Simplifications such as using équal initial concentrations can produce the

desired plots directly from the conductance readings, without the necessity
of separate determination of initial concentrations.

log \ (14.28)

EXAMPLE 4: McGuire!® has studied the conductance change of the following
reaction:

. o ;
-
O—<H’Br + O S O_Rc}!l +Br
0

Il phenacyl bromide and pyridine are mixed at the same

initial concentration (Ao), kinctics predict that their concen-

trations at any time a will change according to the equation:
L. O (14.29)
a Ay

or, il expressed in terms of the amount of products produced x,

the equation becomes:

1/(Ag — x) = kt + 1/4, (14.30)

As the products of the reactions are jons, and assuming the
conductance to vary linearly with concentration, the following
data reported by that author may be plotted according to
Eq. (14.30), using Egs. (14.22) through (14.27).

A, = 0.0385 M, Ceil constant 1.000

Time, min Resistance, ohms

7 45000
28 11620
53 9200
68 7490
84 6310
99 5537
1o 5100
127 4560
153 J9s8
203 3220
168 2182

@« 801
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E. ION ASSOCIATION AND CRITICAL MICELLE FORMATION

One of the most pharmaceutically useful, nonquantitative uses of conduc-
timetry is certainly in the determination of critical ‘micelle concentrations
(CMQ). those concentrations above which the solubilization propertics of a
micelle-forming ion may be expected, and below which it has been convenient

68

I T —. CMC=8.1x10-3
o® \)
.\

v

6o

64, H L L X A it 1 A A A A ‘\. A
8.5 2.0 2.5

-/ concentration

FIGURE 14.17: Onsager plots indicating the determination of critical micelle concentration
from conductance data. Reprinted from Ref, 17, p. 1392, through the courtesy of the
publisher,

to postulate no association occurs.* The equilibrium being described by
this idea is
nA= =2 A7) (14.31)

Evidence for micelle formation and an example of how the concentration
at which it occurs may be determined conductimetrically as shown in Fig.
14.17. Although the lines are curved at the precise point of interscction,
extrapolation of the siraight portions of the lines produces rather precise
and reproducible critical micelle concentrations.

The shape of the plots obtained may bé explained (thouph with sSme
doubt as to their complete correctness®) by considering the conductance

* Although it docs not affect the interpretation of the curves that arc obtained for
micelle-forming ions, it should be pointed out that rather convincing evidence has been
obtained suggesting that at concentrations considerably below the CMC, dimerization
occurs (Mukerjee et al,, Ref. 17).
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one would postulate for the micelle-forming ion in the concentration regions
surrounding the CMC. If A7 represents the conductance of the anion
monomer, and A that of the micelle, the contribution of the gormcr is
decreased and of the latter incrcased as monomer is transferred t0 micelle.
If g is defined as the fraction of the total solute in micellé form, C(1 — nx)
and aC represent the relative concentrations of monomer and micelle at a
particular monomer concentration, respectively, the total conductance then
is

A =AZ(l — nz) + Ajzn (14.32)
As the concentration is raised, the equivalent ionic conductance varies
linearly with Je approximating a straight line with a slightly negative slope
due to ionic interactions, as one would expect. After the CMC is reached
and passed the additional monomer is forced into the highly charged but
relatively immobile micelles (A7 < A7); n and a both rise. The rise in the
solution conductance decreases, while the value of A drops sharply.

EXAMPLE 5: Mukerjee et al.” measured the resistance of dilute aqueous
solutions of sodium lauryl sulfates and reported the following.
results:

Temperature = 25°C  Cell constant = 0.7492 cm~*

Concentration, x 10* M Resistance
6,455 1725
6.859 1626
7.029 1587
7.111 1588
7.185 1556
7.430 1508
7.485, 1497

© 1 1.579 1483
) 7.752, 1449
7.796 1447
7.835 1438
7.995 1418
8.111 1401
8.140 1396
B.212 1387
8.322 1376
8.370 1372
8.456 1352
8.770 1336
9.287 1299

Determine the critical micelle concentration from these data.

Estimation of ion association and association or dissociation constants
from conductance data is based upon the Arrhenius' observation discussed,
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that for solutes at o concentration ol n molecules/hter,

A 2 ny’
7y = — \AhCI’C N =

- — (14.33)
Ay (1 —2)

The cquition s not precisely correet, as mentioned before, but the full
eflect of the imprecisions involved is often not large and for many deter-
minations z may be estimated directly from Eq. (14.33).

Exasere 6: Shedlovsky and Mclnnes'™ measured the conductance of acetic

acid solutions with the following results (data reprinted through
the courtesy of the publishers).

Concentration, ;
x 107 Af N
0.028014 210.32
0.11135 127.71
0.15321 112.02
0.21844 96.466
1.02831 48.133
1.36340 42.215
2.41400 32.208
3.44065 27.191 : B
591153 ‘ 20.956
9.8421 16.367
12.829 14.371
20.000 11.563
50.000 7.356
52.303 7.200
100.000 5.200
119.447 4,759
200,000 3.650

Estimate « and the dissociation constant for acetic acid over
this concentration range.
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