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A method of low-frequency polaroscopy is proposed, with which it is possible to obtain polarograms
undistorted by the charging current, The method is applicable to the analysis of fused electrolytes.
A universal apparatus has been constructed for recording current, potential, and their derivatives, as
functions of each other and of time, which is suitable for various polaroscopic investigations.

The main method of investigating polarization in electrochemical cells is to study current ~potential and
current —voltage curves [1], This method was greatly improved by the invention of the polarograph [2]. However,
this did not solve the problem of obtaining reproducible data with unrenewable electrodes. The latter, unlike the
dropping mercury electrode, may undergo irreversible changes under the influence of electrolysis products. In addi-
tion, the values of the current and potential alter with time owing to lack of constancy of the diffusion layer [3].
various means of stabilizing the diffusion layer [4-8], and mechanical [9-11] or electrochemical {12-14] means of
renewing the electrode, either only partially solve the problem [4-8], or disturb the process under investigation
[10-11, 13-14].

In normal polarographic investigations the plotting is carried out within a few hundred sevjonfjs'. Slow feCOf'd -
ing of polarization curves with unrenewable electrodes is always accompanied by more or less sngn?ﬁcant nonperi-
odic and often irregular changes in the system (passivation of the electrode, polarization, changes in crystal struc-
ture and active surface),

The only effective means of obtaining reproducible curves is to use such rapid recording that there is not time
for the size or state of the electrode surface to change, If the recording time is reduced by a factor of a hundrsadl,1
i.e., to a few seconds, there is a corresponding decrease in the quantity of electricity passed tlflrough the ‘celll. A f
the changes occurring in the system during recording are casily eliminated by a subsequent brief depolarization o
the electrodes by short circuiting.

A short reéording time, of the order of hundredths of a second, is also used in oscillographxc p.olarolgrﬂph;’ [1115
16]. However, a large charging current passes through the cell and distorts the curve. Oscﬂlographlc‘po zz;c;g; sz 0yf
is therefore a special field, subject to special laws. Also, the high value of the charging current requires
electrodes with a smooth surface, mercury or amalgam [16, 17,

. 3 b
In the method proposed, which we have called low-frequency polaroscopy (18], tht? charglﬂgt (;:L;;eISet Lseliiscteyd
two orders of magnitude than in oscillographic polarography. This means that'the c.:hargmg currelxlld) 1ow-frcqi1;1 oncy
[19] and the polarograms have the normal nclassical” form. As regards recordmg time (‘:jne 5?;310 ra’ He colarogra.
polaroscopy occupies an intermediate position between normal polarography (10° sec) and oscillographic p g
phy (10'2 sec).

Recording in a few seconds was used by Weidmann [20] and Rand’le‘s ‘[21]- These auﬂ.‘ms g°1§f‘ze§1 a ‘LTOPR“‘S
mercury electrode. However, they were not interested in the reproduc1b%11ty proble’m but in re.bucmg the Fharglng
current at a dropping mercury electrode. The idea of using rapid recording to obtain reproduq le data wit nonrg-
newing electrodes was first suggested and solved technically by Vagramyan (19]. The change in electrode potential
with linear change in current was recorded with a loop oscillograph.

In developing the method of low-frequency polaroscopy our object was to improve the teghnique, .so as to make
it applicable to fused electrolytes, and to construct universal apparatu's for recording .current‘ i, Potélltlal ¢, and '
their derivatives, as functions of each other or of time t, i.e., to recording of the functions: i, ¢; di/de, ¢; de/di,
¢; de/di, i i, t; @, t; di/dt, t; de/dt, t.
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Fig. 1. Block diagram of univer- Fig, 2. Source of sawtooth and square-
sal apparatus for recording polar- wave pulses.

ization curves,

Fig. 1 shows a block diagram of the apparatus. The source I fed sawtoothed or square-wave pulses to the indi-
cator electrode In and the counter electrode Co. Depending on the value of the quenching resistance R, the system
operated with a given current (R=10-100 kQ) or with a given voltage (R = 0), The potential drop across the stan-
dard resistance 1, proportional to the current i, was measured at point 1, The potential ¢ of the indicator electrode
In, relative to the unpolarized reference electrode Re was measured at the point 4. The values of di/dt and de/dt
were measured at the points 2 and 3, after the differentiating condensers,

Block II represents the scanning generator, and the point § is an electric parameter of time, t. The recording
of any pair of these values could be achieved with any instrument which provided for the recording of electrical pa-
rameters as two coordinates (a cathode-ray tube or a quick-acting coordinatograph [22]). The instrument, block IIi,
should have a high chmic input, The values to be measured, from the points 1-5, were fed to the vertical v and
horizontal h inputs, Between pulses (interval) the contact K, controlled from block I, short circuited the electrodes

In and Co to depolarize them, A more detailed description of the apparatus and the recording of curves is given
below,

Pulse Source (See Fig. 1, block I)

The 500 ohm potentiometer P (Fig. 2) fed sawtooth pulses to the source output (X, X). The potentiometer
arm was rotated by a motor D and depressed the button K; after each rotation, thus activating ;he coil of relay M.
The latter short circuited the electrodes by means of contact M, and switched in the time relay L by means of con-

tact My, After time (interval) the contact L, switched on the motor, the potentiometer arm released the switch
Ky, and the system rotated to its original position.

To obtain square -wave pulses the motor D was switched off (switch K;), the arm of the potentiometer P was
Placed in a given position, and the contact M, was short circuited (switch Kg). When the system was switched on,
the relay M short circuited the electrodes (interval period) by means of the contacts M, and M,, and the time re-
lay L switched on the contact L, which, after a time 1, switched off the relay M and thus closed the polarization
circuit, After a time T3 (T3 > 7p), the contact Ly switched off the relay L and restored the whole system to its ori-
ginal state, As a result the cell received square-wave pulses of duration 73~1, with intervals of 7, in between,
Should the relay L be of low inertia, then, when the contact Ly is switched on, it may activate the coil of L before
the system has achieved its original state. It is recommended that an intermediate relay should be used to avoid
this. The contact Ly should be included in the circuit of the intermediate relay, and the normal interrupting con-
tact of the intermediate relay should be included in the circuit of the relay L,

For the measurements we used an RPT-100 relay (M), an E-58 motor time relay (L), and an E-58 interme-
diate relay, The 1000 ohm resistance Ry was included to shift the zero line of the pulse, The feed to the source

(8,"a) was either from a battery of storage cells (50-100 V), or from a rectifier, connected as a normal bridge circuit
to four shunted diodes DG-Ts24 with a single unit filter,
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Fig. 3. Electronic time relay.

Besides the circuit shown in Fig, 2, we also used an electronic circuit which considerably reduced the size of
the apparatus. This circuit (Fig. 3) operated with two RP-4 polarized relays (A and C) and two direct current tele-
phone relays (b and D). Only half the circuit (relays A and B) was used to control the motor with the switch 2
closed, When the button K; was pressed the 1 uF condenser was charged up to the striking voltage of the stabilitron
SG-1P. At the moment of striking a current pulse passed through the coil of relay A, and the contact A; engaged

the left ‘hand position and switched on the relay B. The contact By then blocked the button K;. The whole process
took about 20 psec.

when the contact B, operated, the 4,0 uF condenser began to charge up through the resistance R to the stfik-
ing potential of the thyratron MTKh-90. The moment the thyratron struck a current pulse passed through the coil of

relay A in the opposite direction. The contact A, switched over to the right hand position, the relay B was deener-
gized, and the instrument was ready for another cycle,

All four relays were used to obtain square-wave pulses, The operation was started by pushing the button K,
as in the previous case, but, after the first cycle, the relay C was switched on by throwing over th.e contact A; to
the right hand position, For this the contacts B; and Dj had time delays on the opening side, achieved by a tighten-
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Fig. 4. Attachment to oscillograph fo-1.
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ing of the adjustment (slackening of the armature) of relays B and D at the expense of the currents closing through
two successive arms of the feed bridge (DG-Ts24).

Both relays (A and C) could give a delay fo from 1 to 60 sec with switching after 0.5 sec (resistance R).
Registering Instrument (See Fig. 1, block III)

The most convenient registering instrument was an electron oscillograph, having a long persistence screen and

direct current amplifiers to both inputs. Of normal instruments the oscillographs [23] L'vPI, EO-7, and ENO-1 can
be recommended,

The L'VPI oscillograph, with direct current amplifiers to a sensitivity of 1 mV/mm in both inputs, could be

used without any alterations. It was more convenient to replace the 13LO37 tube by the persistent tube 13LO36.
This replacement was carried out without any other alterations,

The £O-7 oscillograph required two identical attachments, consisting of direct durrent amplifiers (Fig, 4) with
transmission bands from 0 to 100 ke [24], The amplification coefficient was about 300.

Optimum conditions for adjustment were achieved with a variable resistance of 1 kQ in the cathode circuit
of the first tube. The output tube of the amplifier was sealed on to the control grid of the 6P6 tube of the final stage
of the £O-7 oscillograph amplifier. In the instruction booklet, and on the chassis of the EO-7 oscillograph (see Fig.
4), this tube is denoted as Ly for the vertical amplifier and L; for the horizontal amplifier.  The feeds to the attach-

ments were provided from the oscillograph; inoperative connections were disconnected. The 13LO37 tube was re-
placed by a 13L036. o

For most of the measurements we used an £NO-1 oscillograph with a vertical amplifier of sensitivity 3 mv/mm
and a band pass of 0-1 Mc, An exactly similar amplifier was fitted to the horizontal input so that two variables
could be recorded. This was built on a separate chassis, housed in the same casing., The supply to the filament and
anode circuits was at the expense of the feed to the sweep generator and internal amplifier of the horizontal move -
ment, which was switched off when the extemal amplifier was switched on. This kept down the cwrrent in the wind-
ings of the power transformer and the temperature inside the oscillograph casing,

When working with the small differential signals, a direct current preamplifier (Fig. 5)was connected to the os-
cillograph input, This amplifier was fed from a BAS-G-80-U-2,1 (100-AMTsG-2-2,0) battery and the filament from
a 6 V (5NKN-10) storage battery. The amplification coefficient was about 15, The signal to the oscillograph input
was picked up after an auxiliary battery (point "60" of the same BAS battery), which compensated for the anode vol-
tage on the stage output,

Sweep Generator (See Fig. 1, block II)
The appropriate section of the oscillograph was used as a sweep generator,
Coordinate Axes |

" For the measurements it was convenient to carry out simultaneous recording of the functions ir_lvestigatejd and. of
the coordinate axes i, ¢, or t. For this purpose (Fig. 6) the oscillograph inputs were switched to the signals investi-
gated at a frequency of 100 cps and short circuited, by means of the contacts &;, @,, X;, Xp and the relays & and X.
In this way three traces appeared on the screen, the relation to be investigated and the two coordinate axes. RSM-2
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'difect current relays, fed from a 24 V alternating supply, were used for the switching. In order that .all threte trac'es
should be clearly seen on the screen, the current in the relay coils should be subjected'to a .phase stuft, 'by including
a2 condenser in one of the coil circuits, or should be of different frequency. For recording differential signals, the
differentiating circuit should be inserted before the contacts ®;, @, Xy Xa.

Recording of Curves o ]
"The curves could be recorded with any mirror camera, with a normal objective and ac?apto}r1 ler‘lls;seor Iio:::c;te—

ing rings. A film of normal sensitivity was used; the exposure time was the time for r‘ecordl.l:)% ttz :race .cuwes : d

sirable to reverse the film during development [25]. Use of a 13LO36 tube also made it possible

rectly from the screen.

i entiation of Curves . o i o
- ffeléiffc.arentiation of the values of i and ¢ was carried out by the differel?tiafmg‘c1rcu1t. of1 tgcdég\los ‘:‘i t(:;sl:ilrilgothe
graph, consisting of a 0.1 uF condenser and a 0.5 Mohm input resistance. This circuit was Lr::iﬁez de;’ended very
operating conditions at the input (direct and alternating current), The shape of Fhe Cl;rtﬁf?e[ential do/di, 1) polaro-
much on the parameters of the differentiating circuit. Fig. 7 shows .norma} (¢, .}‘)f and ¢ ting capacities. Thus, the
grams of fused lead chloride, using platinum electrodes, recorded with various dif erennad. ]g : Zed -\t tho sensitiv-
parameters of the differentiating circuit should be selected or calculated to suit the recording sp

ity and resistance of the input.

i i C en was 1-
The pulse source operated continuously with a period of 10-30 sec. Thfi1 pfmsftf‘:iietitrlnnele O’;r::cs;c?rrtcpolariza-
9 min, and the curve investigated remained stationary on the screen for 'the w q?hc Zuwes obtai'ned or various melts
tion time of the electrodes ensured that the results were highly.rel?roducxblf:. er e oot sev;:ral N
with solid electrodes, remained unchanged with continuous periodic recording over a p

i i easureiments,
The low-frequency polaroscopic apparatus was shown to be suitable for various m

i i i i, ¢; di/de, ¢; di/de, i; de/di, ¢; de/di, i).
raphic Investigations (Curves Recorded for 1..<P ) )
Pola rsoaitoolihed pulses weregfed o the cell, Curves relating 1 and ¢ could be obtained at a given current or at a

iven voltage. The value of di/de was obtained at a given voltage (di/de = di/dt), and the value of d¢/di ata
given current (de/di~ de/dt). Fig. 8 shows some typical polarograms.

All our measurements were carried out at a given current. To carry out Imeasurements at a given voltage it
would have been necessary to use a potentiometer P (Fig. 2) of lower resistance (10-20 ohms),

In this way we used platinum electrodes to study the ions of Zn, Ni, Ag, T, Pb, Co, and Cd, with a fused
mixture of KCl and NaCl as supporting electrolyte at 720°C. In all cases the wave height was found to be propor-
tional to the concentration of depolarizer, The discharge potentials of the metals investigated agreed well with re-
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sults obtained by normal polarography [27]. When the same material was investigated, the polaroscopic method was
as sensitive [26] as the polarographic method [28], and also made it possible to observe more waves simultaneously.

By using a reference electrode of the metal investigated it was possible to estimate the reversibility of a pro-
cess directly [29] by the wave shift from the potential of the quiescent metal,

Chronopotentiometric Measurements (Curves for ¢, t; and de¢/dt, v

Square-wave current pulses were fed to the cell, In this wa} the electrode was charged up from zero to the
discharge potential of the depolarizer. Calculations based on the charging curves made it possible to calculate the
capacity of the electrical double layer [30], Depletion of the layer of electrolyte in the vicinity of the electrode
produced a further charge on the electrode up to the potential of the supporting electrolyte, The depletion time of
the layer of electrolyte round the electrode was determined by the diffusion coefficient of the depoloarizer {15]
which could be deduced conveniently from the de/dt, t curve. In this way we determined diffusion coefficients for
the ions of Pb, Zn, Ag, Ni, and Cd in fused KCl-NaCl [31].

Chronopotentiometric measurements can also be used for determining the rates of chemical reactions and the
dissociation constants of complexes in melts.

Chronoamperometric Measurements (Curves for i, t)

Square-wave voltage pulses were applied to the cell, The current dropped from the pulse value to a steady
value [32], We used the cwrves for checking the applicability of the nonstationary diffusion equation [32] to melts
[33]; they can also be used for studying reaction kinetics [34]. '

Use of the polaroscopic method is not restricted to the above [385]. Our investigations showed that low -frequency
polaroscopy has the following advantages over normal polarography: high reporducibility without electrode renewal;
high sensitivity; rapidity and ease of observation of polarization curves; the possibility of carrying out measurements
relative to a nonpolarized reference electrode; a great variety in applications; the possibility of working with a giv-
en voltage; the simple way of obtaining differential curves (low capacity in the differentiating circuit); the possibil-
ity of observing phenomena not detectable by normal polarography. '
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