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ABSTRACT

Controlled potential electrolysis and electrochemlcal relaxation
techniques have been used to investigate the mechanism of oxidation of
chromiunm(II) at mercury electrodes in the presence of chloride, bromide,
and ioGide. It is shown that the major pathk for the oxidatilon 1s
through a bridged activated complex of the type Hg——X--Cr.

Kinetic parameters have been determined for the bromide~dependent
path and the halide-independent path. Equations have been derived %o
predict from kinetic data the product distribution between two competing
reactions.

It is suggested that the activated complex is formed with helide

adsorbed on the electrode surfeace.

The limitations of chronopotentiometry at hanging mercury drop
electrodes have been investigated and corrections are given for spheri-
cel diffusion effects at times greater than 0.1 sec. It is demonstrated
that reverse current chronopotentiometry under these conditions 1is a

qualitatively unreliable technique.
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PART I

GENERAL INTRODUCTION



Chapter 1

INTRODUCTICN

As early as 1947 Heyrovsky (l) suggested that the accelerating
effect of halide lons on the lrreversible reduction of many metal ions
at mercury electredes is due to the abllity of adsorbed halide to act as
an efflclent bridge for electron transfer. The vigor with which re-
search is presently being carrled on in the area of ligand bridging both
in homogenecus solubion and electrode reactions is an appropriate comment
on Heyrovsky's insight. This thesls 1s concerned with the study of the
role of bridging ligands in the oxidation of Cr(II) at mercury elec~
trodes.

The basic ideas of the bridging mechanism in homogeneocus re-
actions are well known (2) and do not need further discussion here.

The extension to heterogeneous reactlons 1s less generally known and
deserves some comment.

Halides with the exception of fluoride are strongly adsorbed on
mercury electrodes at potentials anodic to the null charge potential.
The basic idea of the extension of the concept of ligand bridging to
electrode reactlons is to consider the combination of electrode and
adsorbed ligand as analogous to a metal lon-ligand complex, and then to

draw the parallel between the homogeneous reaction

oo T (MX*M)+n+m (1)



and the heterogeneous reaction

Hg(X) . + M™ — Hg(x") )
ads ads

where the products in (1) and (2) are the reactive intermediates or

transition states for the electron transfer reactions.

If one wisghes to study reacticns of the type

Bg(x™) . + M7 =S " (3)
ads

the use of Cr(II) as M+n is particularly attractive. When X 1s chloride,
the supposed product of the reaction, CrCl?+,* though thermodynamically
unstable, is sufficlently substitution inert that solutions of Cr012+ can
be titrated with sillver ion without appreciable decomposition of the
complex. Thils provides a substantial simplification of the problem of
product analysls.

A second reason for the choice of Cr(II) for the study of ligand
bridging in electrochemical reactions is that it is oxddized in the
range O to -0.5 v. vs. SCE, the potential range of major interest for
mechanisms involving halide adeorption.

An ancillary factor favoring the cholce of Cr(II) is the large
amount of work that has been done on the role of ligand bridging in the
homogeneous oxidation of Cr(II) (3); this work serves as a gulde and

comparison for electrochemical studies.

*For simplicity coordinsted water molecules will not be included
in complex ion formulas. The formula CrCl2¥, for instance, is intended
to imply the complex ion Cr(Hz0)sCl2*,



It has been shown that many ligands dramatically affect the
electrochemical oxidation of Cr(II). Pecsck and Lingane (4) have in-
vestigated the polarographic behavior of Cr(II) in the presence of KC1,
KSCN, CaCls, MeqNBr, and several carboxylic acids. Large changes in
apparent half-wave potential and in the degree of irreversibility of the
oxldation were found by changing the nature of the supporting electrolyte
solution.

Kemula and Rakowska (5), who studied the reduction of various
Cr(III) specles using cyclic voltammelry, present some interesting
gualitative results. They found that when Cr3+ is reduced in chloride
solutions, on the second cycle of cathodic polarization a second peak
appears ancdic to the peak initially observed for the reduction of Cr3+.
As the concentration of chloride in the supporting electrolyte solutlon
is increased, this peak becomes larger and more clearly separated from
the Cr3+ peak. The potential at which this peak occurs is the same as
that for the reduction of Cr012+ obtained from the salt CrCls-LHz0.

Aikens and Ross (6) have studied the rates of oxldation of
Cr(II) at mercury electrodes in the presence of fluoride, chloride, and
iodide. They found that the rate of Cr(TT) oxidation is proportional to
the concentration of chloride over a fifty-fold change in chloride con~
centration, and that at a fixed potential, the accelerating effect of
the halides decreases in the order (I ) > (C17) >> (F ), the effect of
Tluoride being very small. They point out that the tendency for specific
adsorptlon of halides also decreases 1In this order, while the stability

of the Cr(II) halides probably increases markedly in the same order.
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It hag not been understood how halides increase the rate of
oxidation of Cr(II) at mercury electrodes. In the case of chloride we
have a model system which gives us an opportunity to identify unambigu-
ously gross features of the mechanism. Cr(III) is sufficiently inert

to chloride substitution that the reaction

gt

et 01m —s crca2t (k)

méy be ignored as a source of the complex Crc1®". Therefore if the
product of electro-oxidation of Cr(II) in chloride solutions is cre1®™
the transition state must contain chloride. But since the tendency for
crc1t formation is very small (7) this implies that the chloride in the
transltion state 1s Intimately involved 1in the mechanlsm. The only way
for this to be true 1s for the chloride %o be bound to the chromium and
also to interact strongly with the electrode surface. The only plausible
cocherent mechanism with these.characteristics ils that of halide bridged
electron transfer. If the product of electro-oxidation of Cr(II) in
chloride solutions 1s found to be Cr012+ the bridge mechanism 1s es—
tablished and any arguments about a more detailed deseription of the
mechanism do not change or challenge the valldity of thils conclusion.
Chapters 3~6 of this thesis present experimental results which imply
the bridge mechanism.

When 1t has been shown that the bridged transition state or
intermediate 1s necessary to £he mechanism, the question arlseg of how
-the bridged state i1s formed. The reaction may proceed primarily through
the complex CrCl+; alternatively the key to the mechanism may be found

in considering the analogy between halide adsorbed on a mercury surface



and halide in a complex oxidizing agent. From the latter vlewpolnt, the
resction can best be explained by electron transfer to the electrode
from chromium via the éhloride bridge. This propred mechanism is quite
general and may be used to explain a wide variety of electrochemical re—
actions,

The simplicity of this idea is not matched by i1ts susceptibility
to experimental verification. The difficulty lies in the large non-
specific effects which the halides have on lrreversible reactions due to
the effect of thelr adsorption on the structure of the electric double
layer (8); A priorl descriptions of the nature of the double layer in
the presence of specifically adsorbed ions are not yet available, and
very little data of adequate quallty has been obtalned to attack this
problemf Algo, the nature and extent of the adsorption itself 1s in~
completely understood.

This means that any progress in understanding the detalls of
the bridge state formation must rest on the patient accumulation and
comparison of data on the oxidation of Cr(II) under a variety of condi-
tions. It seems unlikely that so complex a system can be made to yleld
its secrets with a few cleverly designed experiments.

Chapter T of this thesis presents more detailed arguments about
the nature of the bridging mechanism with supporting experimental evi-

dence.



Chapter 2

EXPERTMENTAL, CONSIDERATIONS

During the course of this work the procedures and apparatus di-
rectly concerned with Cr{II) solutions have been successively and some-
what successfully modified to give better results than did the original
designs. As an ald to the interested experimenter this material is col-

lected here together with some pertinent comments on chromium chemistry.

I. The Preparation of Chromium(II) Solubions

The most satisfactory general method of preparing Cr{II) solu-
tlons 1s by electrolysis of Cr(III) solutions at a mercury cathode. The
Cr(III) solution for electrolysis is prepared by hydrogen peroxide re—
duction of a perchloric acid solution of sodium dichromate followed by
neating in the presence of platinized platinum to decompose the excess
peroxide. The resulting solution has the characteristic viclet color of
Cr3+.

Stock solutions 0.2 F in Cr(III) and 2 F in HC10, were prepared
in this manner. Solutions for electrolysis were 300 ml. of Cr(III) stock
solution diluted 1l:1 with water. The resulting Cr(II) solutions typi-
cally were 0.09 F in Cr(II), 1.0 F in HC1O4 (p = 1.5).

The electrolysis 1s carried out 1n the three compartment cell
shown in Figure 1. A continuous flow of 1 F HClO4 is maintained through
the center compartment throughout the course of the electrolysis to com—

pletely lsolate the cathode compartment from the anode compartment. The
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Figure 1. Electrolysis cell for preparing Cr(II) solutions,



electrolysls is carried out by applying 12 v. between the platinum wire
anode and the stirred mercury pool cathode. The back EMF of the cell is
about 2 v. The current is 0.8 ~ 1.0 amp. The electrode area 1s about
135 cm.? Under these conditions the reduction takes place with copious
hydrogen evolution; the current efficiency is 50-T70%.

The flow of perchloric acid through the center compartment helps
to maintaiﬁ,the hydrogen ion concentration in the cathode compartment
and thus prevent precipitation of Cr(0H)z which would ruin the prepara-
tion.

The electrolysis is carried out under positive nitrogen pressure
ag indicated by the difference in solution levels between the center
and ancde compartments. The pressure In the center and cathode compart-
ments 1s equallzed by connecting the HClO4 reservoir and the cathode
compartment to the outlet trap. The perchlorie acid flow i1s maintained
by siphon.

The outlet trap consists of successive flasks containing V(II)
in 1 F HpS04 and water, respectively. The V(II) is kept in the reduced
state by zinc amalgam. The back-diffusion of oxygen into the system
even with high nitrogen flow rates and very long outlet tubes is suffi-
clently ;arge that a trap is an absolube necessity.

The nitrogen flow through the system is maintained by a nitrogen
inlet at D to the Cr(II) reservoir (Figure 2), which is connected to the
cell at C. The reservolr is initially purged of oxygen by repeatedly
evacuating and filling with nitrogen.

When the electrolysis appears to be finished, the Cr(II) solution

1s transferred to the reservolr by closing off all the cell openings
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al

Figure 2. Storage buret for Cr(II) solutions.
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(including the center and anode compartments), shunting the nitrogen
flow from the reservoir (D) to the cell inlet at A, and forcing the
solution over into the reservoir. Since it 1s most convenient to carry
out this transfer with small pressure differences, during the transfer
a leak to vacuum is made through F with D and E closed (Figure 2).

When the transfer has been completed C and F are closed, and niltrogen is
introduced at D until the pressure in the reservolr ig about two atmos-
pheres absolute (the volume of the solution is about half the volume of
the reservoir).

The standard taper joint below F (Figure 2) is fitted with an
adapter for transfer of solution. The adapter is a 15 cm. length of
1 mm. capllliary tubing with a matching standard taper Jjoint at the top
end a 12/1 ball joint at the bottom for flexibility. The deaa space
below the stopcock F is filled with small glass beads to decrease the
loss of Cr{II) by air oxidation in the interval while comnection of the
reservolr to the receiver is made.

The stopcocks in the reservoir may be Teflon (L mm. bore), which
leak, or precision ground pressure stopcocks, which contaminate the solu~
tion with grease. Both are tolerable, neither is satisfactory.

Chromium(IT) solutions can alsoc be prepared by oxidizing the
metal with acid. "Spectrographically Standardized Chromium Pellets”
avallable from Johnson, Matthey, and Co., Ltd, (75/85, Hatton Garden,
London E.C. 1) was found to be the most satisfactory source of chromium
metal. This reaction 1s smooth and rapid in dilute HCl, but will not
stert in HC104 unless the metal is first activated by dipping in HCI1.

If the metal is then washed and placed in dilute (2 F) HC1O4 solution
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the reaction proceeds at a lively pace for some time, but eventually the
surface of the metal darkens and the rate of reaction decays to zero,
This method of preparation is useful for meking smsll amounts of dilute
Cr(II) solutions, particularly if chlorlide is present, but seems not
generally suitable for the preparation of stock solutions.

If the presence of zinc can be tolerated Cr(II) solutions are
also readlly prepared by reduction of Cr(III) solutions in a Jones re-
ductor. The zinc amalgam mﬁst be light and must be pretreated with warm
acid to ensure quantitative reduction of the Cr(III) (9). The solution
is best transferred directly into the oxygen-free reservoir and then
put under nitrogen pressure, as described above.

Nitrogen, free of oxidizing impurities, is most conveniently
obtained by paséing Matheson "prepurified” nitreogen over hot copper
turnings. A Vycor tube filled with copper turnings and a tube furnace
for this purpose are avallable from E, H. Sargent and Co. The nitrogen
is then cooled and presaturated by passing 1t through a washing tower
filled with the appropriate solution.

The large oxygen leakage through Tygon or equilvalent tubing
makes 1t unsuitable for use. A thick wall synthetic rubber tubing, e.g.,
chlorinated butyl tubing, is recommended. Good rubber to glass seals

can be made with Apilezon Q wax.
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II. Analysis of Chromium(II) Solutions

Chromium(II) stock solutions were analyzed for Cr(II) by adding
10 ml, of the solution to 100 ml. of deaerated Fe(III) solution (pre-
pared by adding 58 g. of Fep(S04)z* (NHy)2804 24Hz0 to 50 ml. of 18 F
HoS0, plus 80 ml. of 85% HsPO, and diluting to 2 L). The resulting
solution was then titrated with approximately 0.02 N NaoCroO7 to a
visual endpoint using 6 drops of sodium diphenylsmine sulphonate indi~
cator. The titration requires some practice because the bright green
color of Cr(III) obscures the color change at the endpoint. The blank
is negligible.

The Cr(II) solutions were analyzed for total chromium by adding
2 ml. of the solution to 14 ml. of 1 F NaOH plus a few drops of 30%
HzOz, boiling to decompose excess peroxide, diluting to 1 1. and com~
paring the absorbance at 373 mu. with that of a standard solution dif-
fering in absorbance by less than 5%. The molar absorptivity of chrom-~
ate at 373 mu, is 4760 (10).

These procedures have the advantage that the same NasCrzO7
standard soluticn can be used for preparation and both analyses of the
Cr(II) stock solution.

The solutions were analyzed for hydrogen ion by adding 2 ml. of
the solution to 50 ml. of deaerated solution containing 0.2 g. of ethyl-
ene diamine dihydrochloride and titrating potentiometrically with 0.1 F
NaOH éolution under air-free conditions using glass and NaCl-SCE elec~
trodes. The pH at the endpoint 1s the same as that of the original

ethylene diamine dihydrochloride solution.
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Carbonate-free 0.1 F NaOH solutions were prepared by diluting
6 ml. of saburated NaCH solution to 1 1. with freshly bolled and cooled
water and standardizing against potassium hydrogen phthalate uslng a

potentiometric endpoint.

ITI. Oxidation~Reduction Reactions of Cr(II) and Cr(III)

1. The Oxidation of Cr(II) and Cr(III) by Perchlorate.

The quantitative oxidation of chromium to Cr(VI) by boiling in
concentrated HC10, 1s part of a well known standard procedure for chrom-
ium determination. In 2 F HCl04 this reaction occurs to a small extent
even on mild heating. The practice of refluxing with excess silver ion
to decompose CrCl2+ (11) should not be indiseriminately applied.

Analysis of a Cr(II) stock solution at intervals of one or two
weeks gave a ratio of the drop 1a titer to the chloride concentration of
6 to 7 corresponding roughly to the reduction of perchlorate to chloride
by Cr(II). The caloride~free life of the solutions was found to be a

month to silx weeks.

2. The Oxidation of Cr(II) by Nitrate in Acid Solution.

In this work NallO4 was used as the ilnnocuous salt to masintain
constant ionic strength. Thils Introduces a deceptively simple problem
which srises from the limited sgolubility of KClO4. A standard commercial
SCE reference electrode cannot be used in a NaClO4 solution because KClO4
.precipitates in the Junection. One approach used to avoid this problem
was to place the electrede in a salt bridge containing 1 F NalNOs solu~

tion. The junction between the Nall0s solution and the NaClO, solution
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was a cracked glass bead. The NaNOs solution isclates the cell from
the chloride in the electrode and isolates the electrode from perchlorate
in the cell.

The difficulty with this arrangement is that the leak rate of
solution from the salt bridge into the cell, even with cracks having a
resistance of 20 kQ or larger, 1s great enough to introduce large amounts
of nitrate into the cell in the course of an experiment. It was found
that in acid solution nitrate (or nitric acid) rapidly oxidizes Cr(II),
probably to CrNogz2'.

Figure % shows the spectrum of a solution of Cr(II) in 0.1 F
HC104, 0.9 F NaClO4 to which had been added sufficlent NaNOs to com-
pletely oxidize the Cr(II) to Cr(III). The spectrum labeled 1 was taken
almost immediately after the addition of nitratc, the second 3 hours
later, and the third 20 hours later. The broad peak at 430 mu. in 1 is
characteristic of Cr(III) but does not corregpond to the species Cr3+
which has peaks at LO7 and 575 mp. (2). In 2 and 3 this peak moves to-
ward shorter wavelengths. At the same time sharp peaks appear at 358,
370, and 387 mu. Bunton and Stedman (12) report peaks for HNOz at 356,
369, and 383 mu.

On standing for several days, the oxidation product sclution,
which initially was golden yellow, had changed to the characteristic
violet color of CrS'.

These observations indicate that HNOg oxidizes Cr(II) to CrN022+
in acid, and that the product slowly dissoclates to form Cr3+ and HNOs.

When Cr(II) is oxidized by nitrate in the presence of bromide,

the product solution apparently containg a mixture of CrBr2+, CrN022+,
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and 10 ml. 0.1F NaNOg. Curve l:t = 20 min.; curve 2:

t = 3% hr.; curve 3: t = 20 hrs. The ordinates 1, 2, 3 are
the absorbance zeros.
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Cr3+, and possibly some dimeric Cr(III) species. 3.6 xF Cr(II) in
©.908 F NaBr, 0.066 F HClO, with just sufficient NaNOs solutlon present
to cause complete oxidation gave a yellowish~-green sclution. This solu-
tion had & spectrum with peaks at 422 and 575 mp. in contrast with the
values of 407 and 575 mu. for Cx3" and 432 and 622 mu. for CrBr®’ (2).
Cathodic polarography in this solution gave a double wave with the first
helf-wave potential at about -0.510 v. vs. SCE and the second at about
~0.850 v. vs8. SCE. The yellowish color indicates that CrN022+ is a
major product of the oxidation, whaile the two half-wave potentlals cor-
respond to the reduction of crBr®” and Cr3+, respectively., It is sus~-
pected that the reduction potential for CrN022+ 1s very near to that
of the bromide complex.

It is quite clear that in any work with Cr(II) solutions, ni-
trate must be rigorocusly excluded. This point 1s worth strong emphasis
because of the ubiquitous use of NaNOs solutions as innocuous or inert

salt solutions.

IV. The Rates of Aquation of Helide Complexes of Cr(III)

The cholce of technique for the study of the products of the
electrochemical oxidation of Cr(II) in the presence of various ligands
depends on the lifetime of those prcducts in the solution. Guthrie and
King (1%) and Swaddle and King (14) have made a thorough study of the
reteg of aquation of the hallde complexes CrX?+ ag & function of hydro-
gen lon concentration. Some of their results are presented in Table 1

glong with the tilme required for l% of the complex to dissociate.

A1l of these rates are based on spectrophotometric measurements.
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TABIE 1

Complex (H+), M T, °C k, sec. T to.01
crp2?t 0.01 25 7.6 x 107%° 5.1 months
orc12t 2.0 25 2,9 x 1077 9.6 hours
crpr2t 1.0 20 1.0 x 1072 16  minutes
ory2t 2.0 25 8.6 x 107> 1.9 minutes

1. The Rate of Agquation of CrCl2'.

We have measured the rate of aquation of the complex CrClZ+ by
determining the chloride concentration of a solution of Cr012+ as a
function of time. Chloride concentratlion was determined In a solution
initially 20 mF in crcazt and 2 F 1n HClO4 by titrating aliquots of the
solution with standard AgClO4 solution using a potentiometric endpoint
with glass and silver wire electrodes.

The vpseudo first order rate constant for the dissociation was

1

found to be 3.2 x 10 -min.” *, or the 1% life is 5.2 hours. The tempera—

ture was not controlled but was 27.0 + 0.2 °C.

2. The Rate of Aquation of orBr2T .

We have determined the rate of aguation of the complex CrBr2+
spectrophotometrically. The molar absorptivities of crd” and CrBr2” in
the visible region of the spectrum are known from the work of King (15)
and Taube and Myers (2), respectively. It has been observed by many
workers (16) in chromium chemistry that the range %80~500 mu. does not
give reliable spectra for concentration measurements because of the high

absorptivity of several other chromlum species which are likely to be in
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the solution in more than trace amoﬁnts, Accordingly the concentrations
of the two major species in the solutlon were calculated from the molar
absorptivities at two points outside this region, namely 580 and 650 mu.
at which the molar absorptlvities of Cr3+ are 1%,5 and 3.78 and those of
crBr®' 14,0 and 17,1, respectively.

The results are presented in Table 2. The value of k, the pseudo
first order rate constant for the dissocilation, was found to be

-1

1.79 x 107* min, ©, or the complex has a,l% life of 56 minutes.

TABIE 2

t—tg, min. Agso Aseo (crBr™), mM (Cr(III)), mM
152 0.379 0.350 21.4 25,1
223% 0.370 0.350 20.7 25.1
338 0.370 0.347 20.7 25.1
1367 0.331 0.345 17.8 25.0
2530 0.276 0.343 13.7 2k.9
3998 0.234 0.33%6 10.6 24 .6

Experimental details. One ml. of bromine was added to 50 ml, of

deaerated 1 F HClO4 solution, and 17 ml. of 0.1024 F Cr(II) gtock solu-

tion was added to the mixture. Under these conditions the reaction
-+ ot _
cr* + Bre ——> (CrBr~ + Br (1)

igs quantitative. The reaction mixture was purged of excess bromine by
vigorously bubbling nitrogen through the mixture. The compositlon of

the resulting solution was 25.6 mF Cr(III), 1.01 F HC1O04 (p = 1.12).
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The spectrum of this solution was determined as a function of

time using a Cary Model 15 recording gpectrophotometer.

3. The Effect of Cr(II) on the Rate of

+
Aguation of crer® .

The rate of aguation of CrBr2+ was also measured in the presence
of excess Cr(II) to see if Cr(II) catalyzes the aguation reaction.

A geven point equation was used to calculate tae concentrations
of Cr(1I), Cr3r2+, and Cr3" at each time using the measured absorbance

at each wave length and the molar absorptivities given in Table 3.

TABIE 3

Molar Absorptivity

A, T crer?t (15) crst (2) cr (II)
380 5.7 10.01 0.036
450 19.4 6.6k4 0.25
540 6.0 9.78 0.93
575 13.0 13.9 0.16
580 k.0 13.5 0.19
590 16.1 12.6 2.26
650 17.1 3.78 b, zh

The method of calculation was a simple least squares treatment
with the constraint that the total chromium concentration be 3C.75 mF.

The pseudo first order rate constant for the digsoclation of CrBr2+ in

4 1

the presence of Cr(II) was found to be k = 2.20 x 107% min. ™, or the

1% life is 46 minutes.
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In view of the quality of the data and the known pitfalls in the
calculation of Cr(III) complex concentrations in chromium solutions from
absorbance data, this result indicates that Cr(II) does not catalyze the

rate of dissocilation of CrBr2+.

Experimental detalls., The cell used was specifically designed

for mixing and transferring alr sensitive solutions to spectrophotometer
cells by W. P. Schaefer and has been described by him (17).

A chlorine~free saturated agueous bromine solutlon was prepared
by adding a large excess of bromine to triply distilled water and bub~
bling nitrogen through the solution for several days. The solubility of
bromine in water at 25° C. is 0.210 M (18).

To 50 ml, of oxygen~free 1 F HCl04 was added under oxygen-free
conditions 20 ml. of a Cr(II) stock solution whose composition was
0.0970 M €r(II), 0.0095 M Cr(III), and 1,093 M HC1O4 (u = 1.55). A
gample was teken from the cell and the visible spectrum of the seolution
obtained to find the molar absorptivities of Cr{(II). Over the range of
interest, 380-650 mp., the maximum absorbance for Cr(II) occurs at
650 mu. (€ = 4.34). A maximum is found at 410 mu. (e = 0.95);

' To the remaining solution in the cell was added 3 ml., of the
saturated bromine solutlon. These conditions provide approximately a
two-fold excess of Cr(II). An aliquot of the resulting solution was
analyzed for total chromium by oxidation to chromate as described above
(p. 15). The total chromium concentration was found to be 30.7s3 mF, The

solution also had HC1O, = 1,00 M (p = 1.12).
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I, Polarographic Determination of the Rate of

Aquation of CrBr® .

The diffusion current of a solution containing CrBr2+ Wa.s meas-—
ured at ~0.610 v, vs. SCE for a periéd of five hours. Semi-~logarithmic
plots of diffusion current as a function of time were made for data ob-
tained over intervals of 30 min. at times 100, 220, and 260 minutes.

The values of the pseudo first order rate constant for the dissociation
 of the complex obtained from the slopes were 1.78, 1.21, and 1.65 x 1072
~1

min.ul, respectively. The average value is 1.55 + 0.22 x 1072 min, or

the 1% life 1s 6.5 mlnutes.

Experimental detalls, The experiment wae done in the cell ghown

in Figure 18. Sufficlent mercury was added to the cell to cover the bot-
~tom, and then suffilclent saturated NaBr solution to cover the mercury to
a depth of about 1 em. A small amount of solid NaBr was added to insure
saturation during the course of the experiment. 140 ml. of deaerated

1 ¥ HC104 was carefully floated on top of the saturated NaBr solution,
and the cell closed. To this was added 10 ml. of a Cr(II) stock solu-
tion 0.095 F in Cr(II), 1.09 F in HC10, (u = 1.55). Finally 0.9 ml. of
bromine was added.

The deslgn of the experiment accomplishes several purposes.

First, it provides a large and stable combination reference and auxiliary
electrode of known potential (—0.160 v. vs. SCE) making possible the use
‘of a conventional commercial pelarograph. This would not be pessible
even in the presence of bromide i1f the mercury of the pool were not

isolated from the Cr(II) solution. Second, it isolated the solution
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under investlgatlon from the possible catalytic effect of mercury. The
density of the saturated NaBr solution 1is sufficilently high (1.54% gn./ml.)
that there is very little mixing of the two solutions (18).

The diffusion current constant for the reduction of CrBr2+.in
1 F HCl0, was assumed to be 1.54 (19). The drop time was 3,64 seconds
and the drop weilght 2.52 mg., giving m?/stl/s = 2,24k, No correction was
made for the background current since the measured current was always
greater than 12 pa. and any correction would be small.

The same experiment was repeated in the absence of Cr(II). The
composition of the solution was 0.147 ¥ HC104 and 0.843 F WaBr (p =
1.02). The initial concentration of CrBrg+ was 6.7 mF. The current
was recorded over a period of four hours. The rate was found to decrease
slowly with time. The initial rate constant wés found to be 8.21 x 107°

min. L.

5« Discussion.

The work of King and co-workers on the aquation of the monohalide
complexes of Cr(III) was carefully done for the purpose of obtaining
thermodynamlc quantities. The rate determinations we have carried out
were done before King's valuesg were published and were done to obtain
order of magnitpde upper limits for the rate constants under conditions
comparable to those of our electrochemical experiments. Under the cir-
cumstances the agreement with the results of King 1s good.

However, 1t should be pointed out the rates measured by spectro-
photometric techniques are closer to the values of King than the rates

measured by other technliques. In partlcular, the abnormally high value
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for the rate of aquation of CrBr2+ determined polarcgraphically seems to
be ocutside the limits of expected error, especially since all sources of
error would tend to make the apparent rate of decomposition smaller
rather than greater.

Resolution of this difference in rate constant might prove to be
of fundemental interest. At worst it could lay valuable groundwork for
thé application of electrochemical techniques to the measurement of bulk
concentrations of Cr(II) and Cr(III) species for use in the study of
homogeneous reactions of chromium,

The general unreliability of the spectrophotometric techniques
now wniversally used for that purpose should provide a powerful stimulus

for development of adequate electrochemical techniques.
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PART 1T

EVIDENCE FCR THE LIGAND BRIDGING MECHANISM
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Chapter 3
CONTROLILED POTENTTAL OXIDATION OF CHROMIUM(II)

IN THE PRESENCE OF CHLORITE

Targe scale controlled potential electrolyses of Cr(II) solu-
tions were carried out at a stirred mercury pool electrode at -0.012 wv.
vs. SCE in the presence of chloride. Current-voltage curves showed that
the oxidation of Cr(II) in the absence of chloride is diffusion limited
at that potential. The amount of Cr(II) oxidized to Cr(III) was deter-
mined by integration of the current. The amount of free chloride pres-
ent in the solution at the conclusion of the electrolysilis was determined
by titration with silver. The difference between chloride found and
~chloride initially present gives the amount of Cr012+ in the preduct.

According to our prediction that the ligand bridging mechanism
obtains under the conditions of these experiments the expected result 1s
that when the initial chloride to Cr(II) ratio is less than or equal to
one no free chloride will be found in the product solution and when the
initial chloride to Cr(II) ratio is greater than one the amount of chlor-
ide found will be equal to the initial excess of chloride over Cr(II).

This behavior is illustrated by the solid line in Figure 4. The
experimental results are presented in the same figure. The prediction

that the oxldation proceeds via ligand bridging is clearly confirmed.

Experimental procedures. Reagent grade chemicals and tap dis-

tilled water were used unless otherwise specified.
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and (Cr012+) the final concentration of that species. The

solic line shows the expected behavior.
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Sodium chloride was purified by precipitation from NaCl solution
with HCL gas liberated from 12 F HC1 by slowly adding 18 F HoSO4.

Silver perchlorate solutions were prepared by dissolving G. F.
Smith Silver Perchlorate in 2 F HCl04 and filltering off the precipitate.
They were standardized by tibtrating samples of a standard NaCl solution
potentiometrically using glass and sllver wire electrodes. Satlsfactory
potential response was obtalned if the silver wire irndicator electrode
was cleaned with 12 F HNOgz containing a pinch of Nall0p just before the
titration.

Mercury was Mallinckrodt distilled quality. After use in an
electrolysis it was repurified by filtering, vigorously bubbling air
through the mercury under 10% HNOsz with glass wool present, and refilter-
ing. It was then used again.

CIT nitroger was purified by passing through successive gas
washing towers containing 0.1 F V(II) in 1 F HzS04, 0.1 F Cr(II) in 1 F
HoSC4, and water. The V(II) and Cr(II) solutions were maintained in the
reduced state by zinc amalgam.

Chromium(II) stock solutions approximately 0.1 F in Cr(II) and
2 F 1n HClO, were prepared by reduction of Cr(III) perchlorate soluticns
in a Jones reductor and were dispensed from a storage buret as described
in Ckapter 2.

The stock solublons were analyzed for Cr(II) gs described in
Chapter 2 with the exceptlion that the titration was done with KMnQ4
rather than with NasCrs07 solution. The former gives an obscure but
satlsfactory visual endpoint due to the color of excess permanganate.

The endpoint fades rapidly. The point at which the color persilsts for
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one minute is taken to be the end point. The blank correcticn is typil-
cally 0.3%.

The cell in which the electrolyses were carried out is shown
in Filgure 5.

The oxldations were carried out at ~0.012 v. vs. SCE using an
Analytical Instruments, Inc. potentiostat. The number of equivalents
of Cr(II) oxidized was determined by an Analytical Instruments, Inc.
current integrator in series with the cell.

The electrolysis was carrled out in the following manner.
Forty ml. of a solution of NaCl of the desired concentration in 2 F HCLlO4
wag added to the center compartment of the cell and the same solution
with Cr(II) added to prevent diffusion of oxygen into the center compart-
ment through the fritted glass disk comnections was added to the refer-
ence and auxiliary electrode compartments. The main compartment was
then thoroughly purged of oxygen with purified nitrogen before adding
10 ml. of C.1 F Cr(II) sclution from the storage buret. The electrolysis
was then begun. Tae reference electrode was a NaCl-SCE and the auxiliary
electrode platinum.

Chloride analyses were done by potenticmetric titration with
AgCl0,4 solution 2 F in HCI1O4 using glass and silver wire electrodes.
The titrations were done at room temperature in dim light. Titrations
done at 0° C. with exclusion of oxygen gave no more reliable endpoints.

The total amourt of Cr(II) oxidized as measured by the current
integrator was typlcally 4—10% less than the amount added to the cell.
It was felt that this was probably due to air oxidation of the Cr(II).

To check this the cell was filled as for an electrolysis and aliquots
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Cr(II) solutions.
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of the solution were analyzed for Cr(II) at intervals of 1/2 to 1 hr.
The rate of decay of the Cr(II) concentration was found to be bebtween
1 and 2 x 1072 meq./min, which aceounts roughly for the observed dis~
crepancy. The inclusion of chloride by Cr(II) on air oxidation is

negligible (20).

Discussion. Proof that Cr(II) is electrochemically oxidized in
the presence of chloride via a chloride bridge raises more specific
guestions about the mechanism. The inclusion of chloride by Cr(II)
specifies the transition state but does not tell us how the transition
state is formed. In order to understand the reaction we need to know if
CrCl+ complex formation prior to the electron transfer step is‘important.
We alsc need to know more about the relationship between the absorphion
of chloride and the formation of the transition state. These questions
are discussed further in Chapter L.

The prominent characteristics of chloride 1n this context are:

a) chloride increases the rate of oxidation of Cr(II) at

mercury electrodes (6);
b) chloride is adsorbéd on mercury at those potentials
where Cr(II) is oxidized (8);
c) chloride acts as a bridge for electron transfer in the
homogeneous oxidation of Cr(II) (2);
and, as we have shown,

d) chloride acts as a bridge for electron transfer in the

oxidation of Cr(II) at mercury electrodes.

All ligands having a-c¢ in common wilth chloride might alego hawve d in
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common. This certainly must be trué of at least bromide and iodide.
The effects of bromide and icdide on the electrochemical oxidation of

Cr(II) are discussed in Chapter 5 and Chapter 6.
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Chapter L
CHRONOPOTENTIOMETRIC INVESTIGATION OF THE OXIDATTON OF

CHROMIUM(II) IN THE PRESENCE OF CHLORIDE

'Chronbpotentiometry wa.s used to investigate the effect of chlor-
ide on the oxidation of Cr(II) at mercury electrodes in more detail.

The technique of chronopotentiometry has been throughly discussed by
Delshay (21).

There are three purposes for investigating the reaction by
chroncpotentiometry. The first is to see 1T CrCl+ 1s the species which
reacts at the electrode. The second 1s to see 1f there is reactant ad-
gsorption. The third purpose is to show that the formation of CrCl?+ in
‘the oxidation of cr(II) is quantitative when microcoulombs of Cr(II) are
oxidized as well as in mass electrolysis.

By observing the variation of the chronopotentiometric constant
with current density one can determine the presence of a chemical reac~
tion preceding the electron transfer step or detect the oxldation of
materisl adsorbed on the electrode. In the former case the chronopoten-
tiometric constant decreases with increasing current density., This
occurs when the rate of electron transfer demanded by the controlled
current becomes comparable to the rate of the prior chemical reaction.

The upper limit for detection of rate constants is spproximately

ot

. 1 1
500 sec. 2 for the product kf(kf+kb)2/kb where the rate constants apply

to the reaction scheme
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T =0 2 5, R (1)
b

The preceding reactlion of interest %o us 1s
cr®t + c1” = cron’ (2)

The complex formatlon consbant for CrCl+ is less than 5 x 107*% 1. /mole
(7) so the upper limit for detection of (k.+k ) is about 10*2 gee. .
This 1imit is high enough that absence of kinetic effects rules out Re-
action 2 as an lmportant step in the oxidation mechanigm.

In the case of adsorpbtion, the chronopotentiometric constant
increases with increasing current density. In the absence of any compll~
cations this product should be constant. That means that the higher the
current density the smaller the number of equivalents of diffusing mate-
rial oxlidlzed, as thal 1s propeortlonal to 17, not if%. If n ' equiva~
\lents of adsorbed material are on the electrode, current must go to the
oxldation of the adsorbed materiasl, thus decreasing the current going to
diffusing material and hence increasing the transition time. This ef-
fect can be seen when n ST is as large as 10% of iT for the diffusing
material. Since chloride 1s adsorbed on the electrode, it is possible
that the chloride bridged oxidation of Cr(IT) should show reactant ad-
sorption.

A third and qualitatively different use of chronopotentiometry
to study the reaction is the use of chronopotentiometry with current
‘reversal to study the reaction product. For such a sbudy to be possible
the reduction of crc12" must occur at potentials anodic to cr®" and the

two waves must be clearly separable. If there is no adsorption of

crc1®t and 1f crc12t 1s formed quantitatively during the oxidation time,
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the reverse wave for reduction of CrC1®’ should be 1/3% as long as the
forward time during which CrCl.Z+ is formed. Failure to form Gr012+
gquantitatively during the forward time should shorten the reverse time
or increase the ratio of the forward to the reverse time.

Chronopotentiograms for Cr(II) in the presence and absence of
>chloride are shown in Figures 7 and 6, respectively. The current density
for these waves 1s about 10 ma./cm.2 It 1s necessary to use large cur-
rent densities in eorder to obtain a distinct transition for the reverse
wave. The large potential separation between the forward and reverse
waves in Figure 6 indicates that the Cr(II)/Cr®" couple is highly irre-
versible. The standard potential for the couple is -0.647 v. vs. SCE
(22). The anodic and cathodic background reactions are Hg — Hg2+ + 2e”
and H' ~ % Ho + €, respectively.

In Figure 7 we éee that the oxidation of Cr(II) occurs at a
much more negative potential in the presence of chloride., On current
reversal a wave for the reduction of Cr012+ is obtalined as expected,

The couple Cr(II)/CrClE+ is quasi-reversible, An indistinct wave for
the reduction of Cr3+ precedes H+ reduction. The ancdic background re-
action,in this case is calomel formsticon. The appearance of several
waves 1s characteristic of mercury oxidation at high chloride concentra—

tions with high current densities.
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Figure 6. Chronopotentiometric behavior of Cr(II) in the absence of
complexing ligands. Solution: 40 mF Cr(II) in 2 F HCI1O4.
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Chronopotentiometric behavior of Cr(II) in the presence of

chloride.

Solution:

Lo mF Cr(IT) in 0.5 F NaCl, 2 F HClO4.
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I. Chronopotentiometric Behavior of Cr(II)

in the Absence of Chloride

1. Variation of the Chronopobentiometric

Constant with Current Density.

The constancy of the chronopotentiometric constant with current
density for Cr(II) in the absence of chloride is presented in Figure 8.
Fach T value is an average of six trials. The values of if% are cor-
rected for spherical diffusion as described in Appendix I.t The slight
trend to lower values of the chronopotentiometriec constant at low cur-
rent densities is caused by departure from the conditions of spherical
diffusion due to the volume excluded by the support for the hanging
mercury drop electrode (Figure 13). This point is discussed further in
Appendix I. The constancy of the chronopotentiometric_constant with
current density shows that the reaction is a simple electron transfer

within the limits of the experimental conditions.

2. Reverse Current Chronopotentiometric Behavior.

The reverse current chronopotentiometric behavior of Cr(II) was
studled in solutions 30 mF in Cr(II) and 2 F in HClO4. The current
density was 4 ma./cm.2 Two values of the ratio tf/'rr as defined in
Figure 6 were obtained, each an average of five measurements. The
values are 2.96 + 0.09 and 3.03 + 0.10. The closeness of these values
to the theoretical value of 3.00 1s somewhat misleading, for the raw
ratios should be corrected upward approximately 8% to subtract out the
effect of Cr3+ present In the solution, and corrected downward by ap-

proximately 8% to account for spherical diffusion effects for the 3-4
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sec. forward times (ef. Appendix I).

The correction for the finite bulk concentratlon of Cr3+ cannot
be made directly by subtractlon of a cathodic blank because that transi-
tion time was too short and indistincet to measure. Instead it was calcu-
lated from the decrease in the forward transition time for Cr(II) from
the time when the solution was added to the cell.® The correction for
spherical diffusion was calculated assuming nc bulk concentration of the
oxidized form. It should be emphasized that very small deviations from
the true values of tf and T, can make a very large change in the value
of the ratio. However, the agreement shown above i1s falrly convincing

evidence that there are no unexpected effects in the oxidation and re-

duction of Cr(II) In the absence of complexing ligands.

II. Chronopotentiometric Behavior of Cr(II)

in the Pregence of Chloride

1. Varlatlon of the Chronopotentiocmetric

Congtant with Current Density.

The chronopotentiometric behavior of Cr(II) in the presence of
cxcess, chloride was studiecd under a variety of conditions. The results
are presented in Figure 9. There is clearly no variation of the chrono-
potentlometric constant with current density. These results show no
complications for the oxldation of Cr{II) in the presence of chloride

over the range of conditions employed.

*A portion of the Cr(II) lost goes to Cr(III) dimers which are
not reduced with Crat (23).
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2. Reverse Current Chronopotentiometric Behavior.

The reverse current chronopotentiometric behavior of Cr(II) in
the presence of chloride was studiled in solutions 2 F in HC1O4, O.5 F in
NaCl, and 30 mF in Cr(II). Using forward times of 1-2 sec., values of
2.97 + 0.07 and 3.15 + 0.02 were obbtained for the ratio of the forward
time to the reverse transition time at currents of 263 and 225 pa.,
respectively. Each ratlo 1s an average of five values. These values
ere corrected for spherical diffuslon, the correction varying from 5 to
9% over the range of forward times used.

These results are adequate proof that in strong chloride solu-
tions Cr(II) is quentitatively oxidized to crc1®” as is to be expected

from the results of the controlled potential experiments.

3. The Chronopotentiometric Behavior of crca2t,
| The chronopotentiometric behavior of the product complex, Cr012+,
was investlgated in order to confirm the conclusions drawn above. It
is possible that the theoretical value of 3.00 for the ratio of forward
time to reverse transition time for the oxidation of Cr(II) in chloride
solution can be achieved by the cancellation of two competing factors.
The first, which tends Go lncrease the ratlc, l1s fallure to form.CrCl?+
guantitatively during the anodic process. The second, which tends to
decrease the ratlo, is adsorption of the product, Cr012+. The latter
poesibility can be rendered extremely implausible by verifying that
Cr012+ is not adsorbed from solution.

The constancy of the chronopotentiometric constant witkh current
density for Cr012+ reduction is illustrated in Figure 10. The trend

toward lower values of the chronopotentiometric constant at low current
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densities is discussed above (page 38). The trend to higher values at
high current densities is thought to be an experimental artifact (cf.
Figure 9). These results show that the reductiorn of CrCl2+ is not com-
plicated by prior reactlon or adsorption.

The reverse current chronopotentiometric behavior was also

studied. The following values of tf/'rr were obtained:

i(pa. be/ T
180 3.0k + 0,01
1h2 3.03 + 0.05

Lo 3.07 + 0.0k
L.2 3.72 + 0.12

It is suspected that the high value for the ratic obtained at low current
densities 1s atiributable to the method of transition time measurement
which tends to give low values for the transition times of indistinct
waves such as those obtained for Cr(II) at low current densities. These

results show that there is no product adsorption.

ITT. ZExperlmental Details

Equipment. Chronopotentiometric experiments were carried out
using the circuit shown in Figure 1l1. The time delay circuit was sug-
gested by Mr. George Lauer of CIT. Thils circuit is designed to allow
pre-potentiostated chronopotentiometry with automatic current reversal
at short times. It differs from more typically used and more satisfac-—
tory circults in that the working (indicator) electrode is not grounded.

This was not posgible here because of severe pick-up of 30 Mc. noise if
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Figure 11, Circuit used in chronopotentiometric experiments.
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the working electrode was grounded. All high freguency pick-up was
eliminated by grounding the auxiliary electrode. This circult is not
recommended for genexral use.

In most experiments 1t was necessary to adjust the initial po~
tential of the auxiliary electrode to that of the indicator electrode to
avoid a current pulse when these twc electrodes were shorted by the DPDT
make-before-break relay which initiates the current flow through the
cell.

Chronopotentiograms were recorded using elther a Moseley X-Y
Autograf recorder or a Tekbtrcnix Type 531 oscilloscope with Type D Plug-
in Unlt, depending on the time scale of the experiment.

The cell used in most of the chroncpotenticmetric experiments is
pictured in Figure 12. Figure 13 shows some of the accessories. The
.volume of golution held by the center compartment is approximately 270
ml. This large volume was chosen so that the total amount of Cr(II) in
the cell would be fairly large, since the rate of loss of Cr(Il) seems
to be independent of the concentration or smount of Cr(II) present.

The cell was surrounded by a water jacket (not shown) through
which constant temperature water was circulated to maintain the tempera-
ture at 27.0° C.

A separate auxiliesry compartment was used because Pt catalyzes
the reduction of water by Cr(II).

The indicator electrode, T in Figure 8, is a hanging mercury drop
electrode of the Shain type. Drops of mercury are collected from the
IME (5) in the spoon (6) and transferred to the amalgamated plabinum

button (7). The platinum button was made by sealing 0.020 in. platinum
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Flgure 12, Cell used in chronopotentiometric experiments. 1: gas
outlet to trap; 2,3: Nz inlets; 4-7: inserts (see Figure
13); 8: delivery tube from Cr(II) reservoir; 9: salt
bridge of L&N SCE reference electrode.
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Figure 1%, Cell inserts. See Figure 12. 4: auxiliary electrode;
5: dropping mercury electrode; 6: teflon spoon with
mercury seal; 7: indicator electrode.
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wire in pyrex, and then grinding the end flat. The button was amalga-
mated by dipping it into sodium amalgam and washing with water.

The sodium amalgam was prepared by dissolving sodium.in mercury.

Three drops from the IME were used for the hanging drop elec-
trode. The radius was 0.0671 cm. and the area 0.0566 cm.Z as calculated
from the weight of 50 drops.

The reference electrode was ar I&N SCE whose salt bridge was
sealed directly into the cell. The salt bridge was fllled with saturated
NaCl sclution before each experiment. The electrqde itself was soaked in
saturated NaCl solution between cxperiments. This trcatment prevented
any KCl04 precipitation during experiments even though the electrode it~
self still had KCl present. The pctential of the electrode remained
within the 12 mv. range between the KCI1-SCE and NaCl-SCE. This partial
conversion of a commercial SCE to NaCl-SCE is more difficult with elec-
trodes having one piece construction.

The outlet trap consists of successive flasks containing V(II)
in 1 P HzS04 and water, respectively. The V(II) solution was kept in

the reduced state by zinc amalgam.

" Materials. The nitrogen used was CIT nitrogen purified by pass-
ing through successive gas washing towers containing 0.1 F V(II) inl¥F
H2804, C.1 F Cr(II) in 1 F HpoSC4, and water. The V(II) and Cr(II) solu-
tions were kept over zinc amalgam.

Cr(II) stock solutions were prepared by electrolysis as de-

scribed in Chapter 2.
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Sodium chloride was purified by precipitation from NaCl solu~
tion with HC1 gas liberated from 12 F HCLl by slowly adding 18 F HpSC4.

Sodium perchlorate stock solutions were prepared by filtering
freshly prepared saturated NaOE solution into a known quantity of' ana-
lyzed concentrated HC10, (60%) until the resultlng solution was neutral
to pH paper and then diluting to volume. Iron, which occurs as a sig-
nificant impurity in NaOH, is guantitatively precipitated as Fe(OH)a
on standing for several weeks. The solution, after filtering, is then
ready for use.

This method of preparing NaClO, solutions is preferred over the
addition of EC104 tc NaoCOsz because of the extreme persistence of carbo-
nate in non-equilibrium concentrations. NaCl0, solutions made with
NaoCO0g on standing slowly develop a white gelatinous preclpitate, prob-
ably Mg(OH)o.

The source of CrCl2 was Baker and Ademson Chromium Chloride
wnich has the formula CrCls(HoO)4:Cl. The major cationic specles of
this salt is CTClg+ waich rapidly dissociates in water to glve CrC12+.
Solutions were preparea by adding a small asmount of the salt to a con-
venient volume of supporting electrolyte sclution 0.1 F in HC1O04 and
0.9 F in NaClO4 or O.1 F In HClO4 and 0.9 F in NaCl. The concentration

of the resulting solutions was 5-20 mF in Cr012+.

Procedures. Experiments were carried out in the fellowing man-
ner. A meagured volume of supporting electrolyte solution with the de~
sired concentrations of NaCl, HClO4, and NaClO, was added to the cell

and the solution and cell purged of oxygen. The dropping mercury elec-
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trode and Cr(II) reservolr were then.put in place ard after further de-
aeration and subsequent examination of the chronopotentiometric behavior
of the background solution, the desired amount of Cr(II) stock solution
was added through the delivery tube. The solutions are specified by
their formal concentrations of Cr(II), HClO4, NaCl, and the ionic
strength. It is understood that NaClO, is present as required to give

the specified ionic strength.

Treatment of data. Transitlon times were measured by the method

of Voorhies and Furman (24). Correction for the current going to double
layer charging was made where indicated by the initial slope of the
chronopotentiometric wave.

Transition times are corrected for spherical diffusion as de-
seribed in Appendix I. Corrected values of the product if% are degig-
nated (:m%) ",

Experiments designed to determine the constancy of if% with
change in current density are complicated by the gradual decrease In the
Cr(II) content of the solution due to air oxidation. Typically the
Cr(II) concentration changed at a rate corresponding to 0.05 to 0.2
millimbles/hour. For this reason it was desirable to work at Cr(II)
concentrations as high as possible. This has the second adavantage of
requiring much higher current densitles which in turn sharpens the
poorly defined Cr(III) reduction wave.

In order to take into account the decrease in Cr(II) concentra-
tion during the course of an experiment, the Cr(II) concentration was

measured chronopotentlometrically st a fixed current density at Inter-
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vals of 20 minutes during each run. The concentrations of Cr(II) were
plotted versus real time to obtain the instantaneous bulk concentration
of Cr(II). The chronopotentiometric constant presented is calculated
using this instantaneous conecentration. The measured values of the concen-
tration did not always lle on a smcoth curve but the concentration was
obtained as a function of real time by the best smooth curve through the
points. This slmply increases the scatter of the points and does not

affect the general reliability of the results.
IV, Discussion

The smallest 1T product 1s about 1 uC and the shortest transi-
tion time asbout 1 ms, for these experiments. These two values fix the
maximum amount of reacbant adsorption and the minimum value of the prod-
uct kf(kf+kb)%/kb for a prior chemical reaction. Assuming that a 10%
variation in the chronopotentiometric constant indicates adsorption or
prior chemical reaction, these limits are 1 pC/cm..2 of adsorbed material
and kf(kf+kbf%/kb = 500 sec.d%, respectively. These limits are extreme
enough to imply that neither Cr(II) oxidation nor CrC1®" reduction is
complicated by reactant adsorption or prior chemical reaction.

The absence of any evidence for reactant adsorption in either
case shows that the reaction does not proceed via a long lived adsorbed
intermediate. Absence of kinetic complications shows that CrCl+ forma~
tion is not important to the chloride bridge oxidation mechanism.

These results eliminate two processes which were potentially
important in bridge formation. However, the role of adsorbed chloride

is still not well-defined. We can obtain more specific Information
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about the role of adsorbed halide by studying the effects of bromide

and iodide on Cr(II) oxidation at mercury electrodes. Either ligand
might have some unexpected effect that would clarify the role of adsorp~
tlon. Failing this, a comparison of the effects of the three ligands

should give some mechanistic information.
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Chapter 5
THE OXIDATION OF CR(IIL) AT MERCURY ELECTRODES

IN BROMIDE SOLUILTIONS

The smooth gradation in most of the properties of the halides
from chloride through lodide leads us to predict that the effect of
bromide on the oxidation of Cr(II) will be qualitatively similar to that
of chloride.

Typical reverse current chronopotentiometric behavior of Cr(II)
‘solutions with large excess bromide is shown in Figure 14. The reverse
wave 1g for the reduction of CrBr2+. The apparent reversibility is much
greater than in the case of chloride (Figure 7). It is also interesting
to note that the reduction of CrBr®  takes place at potentials well
anodic of the standard potential for the couple Cr(II)/Cr3", ~0.65 v. vs.
SCE. This phenomenon is possible because the favored oxidation mechanism
(1igand bridging) gives a thermodynamically unfavored product (CrBr2+)
which is not in eduilibrium with the thermodynamleally favored product
(Cr3+); It is, in fact, observed because the reduction of CrBr2+ is
sufficlently reversible that the chronopotentilometric wave occurs near
the half-wave potential for the couple Cr(II)/CrBr2+. This is in con-
trast with Cr3+ which is so irreversibly reduced that under most cir-

cumstances there is concomitant hydrogen ion reduction.
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E, mv.vs. SCE

Figure 1k. Chronopotentiometric wave with current reversal for Cr(II)
in bromide solution. Solution: 2.65 mF Cr(II) in 0.100 F
NaBr, 0.100 F HC1lO, (un = 1.00C). i, =155 pA./cm.2



56

I. Chronopotenticmetric Behavior

1. Variation of the Chronopotentlometric Constant with

Current Dengilty; Solutions Containing Excess Bromide.

The oxidation of Cr(II) in excess bromide was studied chronopo~
tentiometrically. It was found that there is no variation of the chrono-
potentiometric constant with current density as is illustrated in Figure
15. This shows that the reaction is a simple electron transfer as de-

scribed in Chapter k.

Experimental procedures. The equipment and procedures used in

the investigation of the constancy of the chronopotentiometric constant
with current density are described in Chapter L,

Sodium bromide was purified by treating a hot saturated sclution
of the salt with decolorizing charcoal, recovering the salt as NaBr-2Hz0,
drying at 150° C. to obbain the anhydrous salt, and recrystallizing it
twice from absolube cthanol., This is an extremely umnsatisfactory proce-

dure and is not recommended.

2. Dependence of the Oxidation of Cr(II) on Bromide Concentration.

The oxidation of Cr(II) was also studied chronopotentiometrically
in a series of solutions in which the concentration of Cr(II) was fixed
and the bromide concentration varied from zerc to an excess amount. The
results are shown in Figure 16.% I shows the wave waich appears for

Cr{II) oxldation in the absence of bromide. The composition of the

*The waves for Cr(II) oxidation become slightly shorter from I to
IV in Figure 16 due to air oxidation of Cr(II).
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Figure 16. Chronopotenticmetric behavior of Cr(II) in solutions

E,v. vs. SCE
o
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containing small ammlmts of bromide. Values of the

- 1 1
flux ratio, (Br )DBrz/(Cr(II)DCr2 are: I, 0; II, 0.39;
111, 0.90; IV, 1.31l.
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solution is 0.219 F HClO4, 15.1 mF 05(11), 5.6 oF Cre (u = 1.00).

In II we see the result of adding sufficlent sodium bromide
solution to make the bromide concentration 3%.04 mF. A new wave whose
length corresponds to a bromide concentration of 3.10 + 0.0k mF appears
at a potential cathodic to the original Cr(II) oxidation wave., This
wave is due to the oxidation of Cr(II) via a bromide bridge to form
CrBr? .

Simllar experiments were done in chloride solutions but there
was no transition corresponding to a process diffusion limited by chlor-
ide. The fact that a transition appears in bromide solution indicates
that the formation of CrBr2+ via ligand bridging is more facilitabed
than the similar reaction with Cr012+ as its product. It should also
be pointed out that the wave appearing in II is very sensitive to the
‘experimental conditions. The absolute concentrations of Cr(II) and
bromide as well as the current density must be properly adjusted in order
to/ see the wave.

III shows the result of adding an almost equivalent amount of
bromide. The transition time for the bromide dependent process cannot
be measured because of the indistinctness of the wave, but there is
clearly a transition limited by bromide diffusion before the much sharper
bresk in potential associated with the Cr(II) concentration. The follow-
Ing wave (A) which occurs at approximately +0.135 v. is undoubtedly due
to bromide. The question that immediately arises is why, if the con-
centration of bromide at the surface of the electrode is zero, as ié
required by the transition for the bromide diffusion limited process,

does one see a wave which implies the presence of bromide. This is a
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well documented and reproducible effect which occurs with other ligands
as well as bromide (25).

The apparent contradiction between the absence of bromide and
the presence of a mercurous bromide wave arises because attention is too
closely focused on the condition that the concentration of bromide at
. the electrode surface is zero after the transition for the bromide diffu-
sion controlled process. The important point is not this fact, but
rather its cause, namely that the reaction rate demanded by the controlled
current is greater than the rate of diffusion of bromide to the electrode.
The initial potential break occurs because the rate of bromide diffusion
is not sufficient to support the current demsnded. A potential transi-
tion occurs then to a more anodic potential at which point a new reac-
tién occurs, in this case the direct oxidation of Cr(II) unassisted by
bromide. While on the plateau for the bromide~independent proéess, the
oxidation of Cr(II) assisted by bromide continues at a rate determined
by fhe rate of diffugion of bromide to the electrode., When the concen-
tration of Cr(II) at the electrode surface is reduced to zero another
transition occurs. At this point the potential shifts to a still more
anodic value until a third reaction begins (A). By comparing II and III
of Figure 16 we conclude that this reaction is due to bromide.

There is extensive evidence that there is more than one electron
per bromide in the oxidation of mercury in the presence of bromide, This
is illustrated in Figure 17 by the comparison of calculated and measured
chronopotentiometric constants. It 1s also observed that in reverse cur—
rent chronopotentiometry the flrst wave for mercury oxidation in the

presence of bromide exhibits a reverse wave which 1s much shorter than
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Figure 17. Variation of i7® with current for the oxidation of
mercury in bromide solution. Sclution: 1.0l nF NaBr,

0.088 F HC10, (p = 0.99).
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the forwerd time. Thais shows that the product of the oxidation is not
simply HgoBre, for if that were the case the product would stay on the
electrode and the forward and reverse times would be equal.

By anzlogy with work that has been done on calomel formation
(26) we may reasonably assume that the iritial product in mercury oxida~
.~ ticn in the presence of bromide 1s HgBr+ 50 that the effective value of
n for bromide is 2. The rate of mercury oxidation 1s known to be rapid
(27); it is probable that at the potential of the filrst mercury wave the
rate for mercury oxidation to HgBr+ and Cr(II) oxidation to CrBr2+ are
comparable and the two processes compebe for bromide.

The effective n value of 2 for the mercury process momentarily
increases the effect of bromide sufficiently to satisfy the current re-
quirement. Asgsuming that the amount of current going to the mercury
ﬁrocess is 1/5 of the total current, the bromide wave corresponds to
240 pC/cm.2 of material, which is a reasonable velue for monolayer cover-
age. The sharp transiticn characteristic of processes which change the
nature of the electrode surface is then due to the passivatlon which
occurs waen a monolayer of materlal has been deposited on the electrode.

~These are plausible explanations for the observed behavior which
are not intended to be conclusive. The possibllity of devising experi-
ments to clarify the observed behavior ls limited by the complexity of
the oxidation of mercury in the presence of bromide alone, which is as
yet poorly understood.

In IV of Figure 16 we see a well developed wave for the oxida-
tion of Cr(II) to crBr® in a significant excess of bromide over Cr(II).

The Cr(II) wave is followed by a wave for mercury oxidation (B). Tkre
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potential of the wave B corresponds to that for HgeBrp formation at the
calculated effective concentration of bromide. TIts length does not cor-
respond to that concentration; this is typically observed for oxidation
of mercury in the presence of bromide. However, waves A and B are equal

in length within the uncertainty in determining the transition time.

Discussion. A point arises in the preceding dilscusslon of the
promide wave which, although not subtle, 1s sufficiently important to
degerve further emphasis.

There is no mathematical distinction between saying that the
concentration of bromide at the electrode surface 1s zero and sayling
that bromide is used up as fast as 1t arrives at the surface. The
statement that the transition occurs when the concentration of the re-
acting materisl at the electrode surface has reached zero, and that the
concentration remains zero from that time on 1s a general statement of
general validity which applies as fully in this particular case as in
more ordinary cases. The difficulty ir interpretation arises because
attention becomes focused on the simple statement of the boundary condi-

tion for the chronopotentiometric diffusion problem,
¢(0,6 2 1) = 0 (1)

and the physical situatlon giving rise to this condition is lost. The

important thing to keep in mind is that for § 2 7 the effective rate for
the removal of the reacting specles at the electrode 1s greater then the
rate of diffusion of that species to the electrode. This effective rate

may be the sum of pseudo-first-order rates for several processes.
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Experimental procedures. The circuitry, method of measurement,

and solutions have been discussed above. Tne cell employed in these ex—
periments is shown in Figure 18. The O-ring joint provides a good solu-
tion to the problem of making a greaseless alrtight seal between cell
top and bottom. The cell volume is approximately 150 ml.

The reference electrode was a small Beckman SCE. The salt bridge
was the cracked glass type made by sealing a soft glass bead intc a
pyrex tube. 1 F NalNOg solution was used in the salt bridge.

Tahe indicator electrode was a Kemula type hanging mercury drop
electrode available from Brinkman Instruments, Inc. The electrode area
wag 0.0409 em.® as calculated from the weight of 10 drops.

Mallinkrodt triple distilled quality mercury was used.

In thege experiments the supporting electrolyte solutlon was
.added to the cell and the system deaerated. Then mercury was added to
111 the two wells in the bottom of the cell (which served as mercury
pool auxiliary clectrodes) and the Kemule hanging mercury drop electrode
was put in place. The seal between the Kemula electrode and the cell
joint was made air tight with Teflon tape. Finally, after further de-
aeration the Cr(II) reservolr was put in place and the appropriate amount
of Cr(II) stock solution added to the cell.

Successive 0.1 ml. portions of deaerated NaBr solution were added
to the cell by syringe through a serum cap.

The same procedure was followed in other experiments using this
cell with the exception that in most experiments it was not necessary to

add solution to the cell after the Cr(II) had been added.
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Figure 18. Cell used for electrochemical studies on Cr(II) solutions.
l: to outlet trap; 2: N dnlet; 3: salt bridge for
reference electrode; 4: Xemula indicator electrode;

5: spare; 6: Cr(II) inlet.
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The cell shown in Figure 18 was also provided with a water jacket
(not shown) which in conjunction with a constant temperature bath was

used to maintain the temperature at 27.0° C,

%, Reverse Current Chronopotentiometric Behavior;

large Excess Bromlde.

The oxidation of Cr(II) in excess bromide was investigated using
reverse current chronopotentiometry in order to determine i1f the product
of the oxidation is entirely CrBr2+. If complete inclusion dees occur,
and the results are appropriately corrected for the effects of spherical
diffusion as discussed in Appendix I, the ratic of the forward time, tf,
to the reverse time, T.s 85 defined in Figure 14 should be 3.00.

Figure 19 gives some results obtained in C.1 F bromide solution
with 2.65 mF Cr(II)., The dotted line shows the expected ideal behavior,
Each point is an average of 3 to 7 measurements. The forward times are
in the range 1.4 to 2.1 sec. and the currents 4 to 2k pa. The values
are not corrected for spherical diffusion. However, as shown 1in Appendix
I, the effect of spherical dlffusion i1s to increase the value of the
ratio tf/Tr, vwhich would shift the points below the dotted line.

Several possible explanations for this behavicr can be ruled out.
The current was measured during the forward and reverse waves anrd found
to be constant to 0.2%. There was no anodic current splke on reversal.
The cathodic background was carefully checked. UNo tracc of reducible
impurities was found. Product adsofption during the anodic cycle is
virtually ruled out by the ideal behavior cof CrBr2+ reduction, which is

demonstrated below.



67

itf ' A-sec.

Figure 19. Reverse current chronopotentiometric behavior of Cr(I1)
in bromide solution. Solution: 2.65 mF Cr(II) in 0.1C0 F
NaBr, 0.100 F HC1O04 (4 = 1.00). The dotted line shows the
expected behavior for an ideal system under conditions of
linear diffusion.
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It is suggested that the abnormally long reverse waves are due
to having oxidized material trapped in the wedge-shaped volume above the
drop and below the glass caplllary. This trapping effect is discussed
in more detail in Appendix T.

For purposes of comparison some data for the reverse current be-
havior of an ideal system, Fe(II) in pyrophosphate solution at pH 2,1s
presented in Figure 20. These data were obtained at a current of 15 pa.
with tf in the range 1.5 to 3.0 sec. The behavior is seen to be the same

as that for Cr(II) oxidation in bromide solution.

Experimental procedures. The chronopotentiometric circuit is

shown in Figure 11 and the cell in Figure 18.
Other experimental details are discussed on Page 6k,
The experiments on the Fe(II) system are discussed in more de-

tail in Appendix I,

Digcugsion, These results are marred by the failure of the ex-
perimental conditions to correspond to the simple spherical diffusion
case. However the explanation for the deviation of the results from‘the
expected behavior is sufficiently convincing that these results are con~
sidered to be an adequate demonstration that in solutions with large

bromide concentration the product of the oxidation of Cr(II) 1s entirely

crBr2 T,

k. Solutions with Low Bromide Concentration

The results presented thus far for the oxidation of Cr(II) in the

presence of bromide show the behavior predicted by the ligand bridging
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Figure 20.

itf,/.AA.-sec.

Reverse current chrenopotentiometric behavior for an iceal
systen, Fe(II) in pyrophosphate. Solution: 30 mF FeS04

in 0.5 P NagaPz07, pd 2. The dotted line shows the expccted
behavior for conditions of linear diffusion.
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model. The situation is somewhat more complex in soluticns with very
low bromide concentration.

The reverse current chronopotentiometry of Cr(II) was studied in
solutions with 1.00 mF NeBr, 1.80 mF Cr(II), 0.100 F HClO. (p = 1.00).
Trese concentrations provide equal fluxes of Cr(II) and bromide. Over
a wide range of conditions the ratio of forward to reverse times was
found to be in the range 5.00 to 5.75. This shows a pronounced shorten-
ing of the reverse wave and is clear evidence for lack of complete in-
clusion of bromide under conditions where there is at least a stoichio-
metrically equivalent amount present at the electrode.

Similar experiments were done in soluticns with 20 mF Cr(II).

In this case the forward time was restricted to values less than the
calculated transition time for bromide at the current density used.
.This insured that there was always a stolchiometric excess of bromide at
the electrode. The reverse wave obtalned was always much shorter than
1/3 of the forward time.

It was found that the ratio of forward to reverse times is po-
tential dependent under these conditions. As an illustration, some
results obtained with a current of abcocut 10 pa. and a forward time of

approximately 3 sec. are presented in Table L.
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TABLE L
E, mv. vs. SCE Ge/ T,

~Lho 106
-420 31.2
-4o0o 13.6
-380 9.58
-37C 7.50
~3€0 6.45

For the current density used, the potential was constant to within 10 mv.
for at least the final 2/5rds of the forward time. This value 1s given
t0 the nearest 10 mv. in Table 4. The varlatlon in potential 1s diffi-
cult to explain in detaill but is not surprising because the amount of
CrBr2+ formed depends on but alsc determines the potential.

FProm these resgults it is clear that the fraction of CrBr2+ in
the product of Cr(II) oxidaticn is a strong function of the potential
at which the oxidation occurs, and that the more anocdlc that potential,
the larger the percent of bromilde inclusion. This in turn suggests that
the technique of chronopotentiometry is ill suited to the study of the
problem, for potential dependence of the results implies that only a
method which employs potential control will yield any definitive Informa-—
tion or more detalled information about tae mechanism.

The behavior in 3.6 mF Cr(II) was found to be that to be expected
in view of the above discussion. Reverse current chronopotentiometry
showed a variation of forward time to reverse transition time ratios

from & to 10. The ratio depended heavily on current density as one
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would expect, for at higher current densities, the wave, belng irrever-
sible, 1s shifted to more anodic potentials, and & higher fraction of

promide ineclusion occurs.

5. Summary and Discussion.

The chronopotentiometric experiments in Cr(II) solutions with
bromide present demonstrate the following peints.

1) At sufficlently large bromide concentrations the product of
oxidation of Cr(II) in the presence of bromide 1s entirely CrBr2+.

2) The oxidation does not always result entirely in the procuct
CrBr2+ when there is a stoichlometric excess of bromide.

%) The fractior of the product appearing as CrBr2+ when & mix—
ture of CrBr2+ and Cr3+ is formed 1s potential dependent and is grester
at more anodic potentials.

These results provide a qualltative description of the processes
going on at the electrode and agree well with results obtalned in chlor-
ide sclutions. A quantitative discussion of the behavior i1s not possible
from the chronopotentiometric results because chronopotentlometry is in-
herently unable to glve detalled information about potential dependent
procesées. To obtain that information it is necessary to turn to ex-
perimental methods which employ potential control rather than current
control. A more detalled discussion of The implications of the chrono-
potentiometric results is inappropriate without consideration of the re-

sults presented below.
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II. Double Potentilal Step Chronccoulometric Behavior

The principles of double potential step chronocoulometry are de-
veloped and discussed in detail by Christie et al. (28,29). The applica-
tion of this technique to the study of the oxidation of Cr(II) in bromide
solution is fruitful because, as suggested by comparison of Figure 6 anc
Figure 1k, CrBr2+ is reduced at sufficiently anodic potentials that po-
tentials exist for which the reduction of CrBr2+ is diffusion 1limited
but no reduction of Cr3+ occurs. The application of the technique is
illustrated in Figure 21 which shows the potential function applied to
the cell and the resulting charge/time behavior for the faradalc reac-—
tion.

In order to use thig method with confidence it 1g filrst neces-
‘sary to define the range of potential for which CrBr2+ 1s reduced ana

verify that that reductlon is ldeally behaved.

1. The Reduction of CrBr2'.

Tne i1deal behavicr of the reduction of CrBr2+ under potential
step chronocoulometric conditions is illustrated in Figure 22. The
agreement of Intercepts wilth measured intercepts for double layer charg-
ing and the constancy of slope was maintained for starting potentials in
the range -0.200 to -0.300 v. vs. SCE and final potentials in the range
-0.750 to -0.850 v. vs. SCE. The definition of allowable finel potentlal
ig of importance, for the potential must be sufficiently cathodic that
the electrode reaction is diffusion controlled, yet sufficiently anodic

+
that no Cr° present 1s reduced.
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Figure 21, Typical double potential step chronocoulometric behavior.
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The agreement of intercepts also indicates that CrBr2+ is not

adsorbed in significant amounts.

Experimental details. These experiments were carried out with

the aid of a general purpose electrochemlical instrument using solid
gtate amplifier circultry. The instrument was designed by Mr. George
Lauer of C.I.T. and is described in detail in his thesis (30).

The indicator electrode was a Kemulas hanging mercury drop elec-
trode avallable from Brinkman Instruments, Inc. It was used in conjunc-
tion with a cell of standard design, also from Brinkman.

The reference electrode was a small Beckman SCE. The auxiliary
electrode was a piece of platinum wire.

Solutions were purged of oxygen with a stream of prepurified
initrogen. Flow of nitrogen through the cell above the solution was
maintained during the course of each experiment.

Supporting electrolyte solutlons were 0.1 F HClO4 with NaBr
variable and NaClO4 to maintain p = 1.00. Free bromide concentration iIn
the solutions investigated varied from approximately 0.5 F to 3 mF.

The source of CrBr2+ was Chromic Bromide available from K&K
Laborafories, Plainview, New York. The major cation of this salt is
CrBr2+ which rapildly dissoclates in water to give the complex CrBr2+.
This complex is sufficlently stable (see Chapter 2) that no correction
for dissociation of the salt need be made for times less than about 30
min.

The experiments were carriled out in the following manner. The

amount of charge requilred to charge the double layer when the potentlal
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is stepped from the initial to the final potential was measured In the
deaerated supporting electrolyte solution for the potentlals of interest.
A small asmount of the dry Chromic Bromide salt was then added to the
cell and the sclution deaerated further for sbout flve minutes to allow
for complete decomposlition of the dibromo complex.

Q - t curves obtained from the potential steps were displayed on
a Tektronix Type 564 storage oscilloscope equipped with Type 3AT72 anc

3B% Plug-In units. Satisfactory traces were recorded on Polarold film.

2. The Inclusion of Bromide in Cr(II) Oxidation.

The oxidation of Cr(II) in solutions containing large excesses of
bromide was studied by double potential step chronocoulometry. Filgure
2% ghows the method of analysis of the data and illustrates a typilcal
result. The agreement of the forward and reverse intercepts with each
other and with the value measured independently in the supporting elec-
trolyte solution is well within the accuracy of the method. The identity
of the forward and reverse slopes shows that the product of the oxida-—
tion of Cr(II) under these conditions is entirely CrBr2+.

Double potential step chronocoulometry experiments were done in
solutions 0.5-3 mF in Cr(II) and with bromide concentrations of 0.878 F,
0.439 F, 0.219 F, 0.110 F, and 0,0549 F. The value cf T was approximately
20 ms., 40 me., or 80 ms. The initial and final potentials, E_ and Ez in
Figure 21, were -0.750 v. vs. SCE and the anodic step potential, Ej in
Figure 21, was varied between the anodic 1limit set by the oxidation of
mercury and the cathodic limit (~0.3%00 v. vs. SCE) set by the irreversi-

bility of Cr(IIl) oxidation.
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Figure 23,

Reduced time function plot of double potential step chrono-
coulometric behavior for Cr(II) in excess bromide. Solu-
tion: 3.15 mPF Cr(II) ir 0.100 F HClO4, 0.878 F NeBr

(u = 1.00). E, = E2 = ~0.750 v. vs. SCE; Ey = =0.250 v. vs.
SCE. The measnured double layer blank is 0.90 uC. The for-
ward and reverse slopes correspond to Cr(II) concentrations
of 2.67 and 2.64 wF, respectively. T = 0.0385. The diff-
erence between the bulk concentration of Cr(II) and that
given by the slopes is caused by air oxidation of the Cr(II)
solution in the course of the experiment.
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In zbout 30 cases including a sultable coverage of the variation
of parameters the Q - t traces obtained were ploited as in Figure 23,
There were some deviatlons from the expected ideal behavior which are
discussed below, but none of the experiments for which the Q - ﬁ% plots
were made showed any evidence of fallure to form entirely CrBr2+ in the
oxidation of Cr(II).

If the charge passed in the forward and reverse steps, Qf and Qb’
be measured at times T and 2T, respectively, as defined in Figure 21,
the ratio *Qb(ET)/*Qf(T) should be 0.586 (28). It 1is assumed that the
measured values of Q are corrected for double layer charging by subiract-
ing from them the smount of charge required to charge the double layer,
le, measured by dupllcating the experiment in the absence of electro-
active material. *Q is the double-layer-corrected value of Q.

i

The use of this criferion for ideality without examining the
Q - ﬁ% behavior 1s open to a good deal of criticism. The most cbvious
point is that the slopes and intercepts may vary 1n such a way that the
ratio of chargesis 0.586 but neilther the slopes nor the intercepts have
the correct value.

. Qver 200 Q — t traeccs wecre obtalnecd under 127 different sets of
conditions. The average value of the ratic *Qb(ET)/*Qf(T) was found to
be 0.585 + 0.005. There was no significant variation of the ratic with
any of the parameters. These results ShOW‘that there is complete inclu-
sion of bromide in the oxldation of Cr(II) under conditions where the
reaction is suffliciently fast to be diffusion controlled under the condi-

tions of double potential step chronocoulometry and there is a substantial

excess of bromide present.
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When the bromide concentration 1s very low we obtain somewhat
different and more interesting results. An example is presented in
Table 5 which gives resulis of experiments performed in 1.9% mF bromide
solution. The quantities given are those defined by the @ - ﬁ% plots

in Figure 23.

TABLE 5

e} o}

Ey, v. vs. SCE T, sec. le, uC. QT’ uC. Q,., MC. Cf, oF Cr’ uf

~0.300 0.0Lkok 0.50 -0.01 0.46 1.h1 1.14
-0.250 0.0k02 0.55 0.0% 0.he 1.58 1.40
-0.200 0.03598 0.59 0.37 0.46 1.58 1.57
-0.150 0.0400 0.57 0.57 0.58 1.h9 1.50
-0.100 0.0400 0.73 0.54 C.57 1.55 1.58
~-0.050 0.cho1 0.89 0.€5 0.65 1.kg 1.k9

A = 0.0409 em®

In these experiments the variatlion in slopes from one experiment
to the next and the discrepancy between measured double layer Intercept
and the intercept from the Q - ﬁ% plot 1s rather larger than often ob-
served, but the internal consistency of each experiment is sufficlently
gocd that the results are convincing. From examinations of the inter-
cepts and the slopes (concentrations) it is clear that at -0.3200 v. and
-0.250 v. the oxldation of Cr(II) i1s not diffusion centrolled ard that,
furthermore, there is not complete inclusion of bromide, though there is

clearly a stolchiometric excess of bromide over Cr(II).
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At -0.200 v. and more anodic potentials, however, the oxidation
is apparently diffusion controlled, as shown by the agreement of the
forward and reverse intercepts and the constancy of the forward slope
with potential. Also, there 1s complete incluslon of bromide, as shown

by the identity of the reverse and forward slopes in each case.

Experimental procedures. The equipment used is discussed on

page T6.

The cell and general procedures for filling are discussed on
page 6.

Experiments were carried out at 27.0° C,

Cr(II) stock solutions were prepared and analyzed as discussed
in Chapter 2.

Supporting electrolyte solutions were prepared from HClO4, NaBr,
and NaClO, solutilons prepared as previocusly described. The concentra-
tions were such that the mixture of supporting electrolyte solution and
cr(II) stock solution giving the desired Cr(II) concentration would have
the desired bromide concentration and 0.100 F HC1O4 (p = 1.00).

The value of le for each set of conditions was measured in the
appropfiate supporting electrolyte solution just before adding the

Cr(II) solution.

Discussion of the data. In many cases the data, while showing

no evidence of failure of Cr(II) to be oxidized quantitatively to CrBr2+,
did not correspond to the ideal double potentilal step chronocoulometric

behavior.
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The most common devisbion from expected behavior was failure of
the forward and reverse intercepts, Qg and Qg, to agree wlth the inde-
pendently measured value, le. The values of Q; and Qz usually agreed
to within a few percent but frequently differed from le by 10% or more.

A gecond snd apparently independent phenomenon was the tendency
for the forward intercept to be larger than the reverse intercept and
the forward slope %o be less than the reverse slope. These two effects
appear together; the greater the difference in intercepts, the greater
the difference in slopes.

These characteristics do not slways appear, but 4o appear re-
peatedly. They have been cbserved in similar experiments with 0.5 mF
ca(II) in 1 F NaNOs solution. We feel that these anomalous results re-
gquire & pertinent warning to the experimenter but have no bearing on the

validity of our conclusions (31).

%. Discussion.

The chronocoulometric results confirm and add detall to the con-
clusions of the chroncpoctentiometric experiments. At potentials more
anodic than -0.300 v. vs. SCE and bromide concentrations higher than
0.055 F, Cr(II) is quantitatively oxidized to CrBr2+. Therefore under
these condltions Cr(II) 1s oxldized by a bromide bridge mechanism.

The chronopcotentiometric result that CrBr2+ is not quantitatively
formed on Cr(II) oxidation at cathodic potentials even in excess bromide
is confirmed by the chronocoulometric experiments.

These results are predicted by the theory of parallel reactions

for potential step chronocoulometry. Waen the anodic step is applied
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two reactions take place; the oxidation of Cr(II) via a bromide bridge
to form the product CrBr2+, and the oxidation of Cr(II) by the mechanism
prevailing in the absence of bromide to form Cr3+. These two reactlons
have different kinetic parameters and are lsolated from each other by
the lack of equilibrium between the products.

A detailed general mathematical description of this situation is
presented in Appendix II. The qualitative result 1s that when the rates
for the two processes are comparable both products are formed, in amounts
roughly proportional to their respective rates. The rate parameters for
the two processes were determlned and are discussed in Part III. These
constants were used with the equations of Appendix II to calculate the
expected product distribution for the potential step oxidation of cr(11)
in the prescnce of excess bromide. It was found that when the oxildation
\of cr(II) is sufficiently fast that diffusion control is attained, the
product of the reaction should be entirely CrBr2+; but, when the bromide
concentration is sufficiently low, and the potential sufficilently cathod-
ic, some Cr3+ should be formed.

Double potential step chronoccoulometric verification that an
amount  of CrBr2+ is formed which corresponds to the fraction of Cr(II)
oxidized via bromide undér conditions where less than 100% of the Cr(II)
ocecurs via the bromide-dependent path has little chance of success. The
algebraic complexlty of the equations for parallel reactions isclates
the observable quantities from the parameters of interest so effectively
that convincing agreement between measured and calculated amounts of

crBr2’ formed surely would not be obtained.
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Chapter 6

THE OXIDATION OF CHROMIUM(II) IN THE PRESENCE OF IODIDE:

RATE COMPETITION WITH CHLORIDE

In Chapter 5 we discussed the compebition between the electrode

. reactions
e+ BT S CrB?’ (1a)
cr2’ = 5 r3F (1b)

and 1te effect on the ratlc of products formed. In that case the effect
wag seen as a nulsance. However, I1f one of the reactions of interest is
the now well-characterized oxidation of Cr(II) via a chloride bridge,
and the other the oxidation of Cr(IT) via another halide bridge, the
éhloride—assisted reaction may be used as a probe to determine how the
other reaction proceeds.

This approach is especially attractive In the case of lodide.
The rate of aquation of Cr12+ is sufflclently large that any technique
for finding the amount of CTIE+ formed in the electrochemical oxidation
of Cr(II) in the presence of iodide must have a characteristic time of a
second or less. HoWever, double petential step chronocoulometbry is not
applicable because in iodide solutions Cr(II) oxidation and mercury
oxldation are not well separated. This problem occurs at all lodide con-
centrations because although lowering the lcdide concentration moves the
mercury oxidation to a more ancdic potential it also decreases the rate
of Cr(II) oxidation so that a greater overpotential is required for dif-

fugion control.
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The use of the chloride bridged oxidation of Cr(II) as a probe
removes thls difficulty, for an electrolysls cen be carricd cubt under
diffusion controlled conditions and the long lived product, Cr012+, will

record the reaction path.

I. Cyclic Voltammetry of Cr(II) in Todilde Solutions

At low iodide concentrations the oxidation of Cr(II) is suffi-
clently separated from the depolarization of mercury that cyclie voltam-
metry at slow sweep rates may be used to study the reaction qualitatively.
Figures 24-28 illustrate the behavior observed. In each case the sweep
was begun at -0.700 v. vs. SCE with the first half-cycle ancdici the
cathodic limit of the sweep was approximately -1.20 v. vs. SCE.

Figure 2i ghows the general features in a solution with a slight
excess of iodlde. The calculated flux ratio is 1.00, but there is a
slight excess of iodide because of the air oxidation of Cr(II). The
peak A corresponds to the oxidation of Cr(II) by the ilodide path, B to
the reduction of Cr12+, and C to the reduction of HgeIr (or some other
mercury specles). The identification of C is clearly established by
comparison with the background in the solution containing ilcdide alone.

The succeeding figures show the effect of increasing the Cr(II)
concentration. Taken together, these voltammograms show the following
characteristics. The peak at A remains in the same position and does
not change in helght as the Cr(II) concentration is increased. Therefore
it must be iodide diffusion controlled. The fact that the cathodlc peak

B maintains 1ts position and helght as the Cr(II) concentratlon is in-
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Figure 24. Cyclic voltammetry of Cr(II) in iodide solution. Solution:
s
1.30 mF NaI, 0.100 F HC104 (u = 1.00) with Do, 2 (Cr(11))/

i .
DI2 (1) = 1.00. ©See text for discussion.
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Figure 25. Cyclic voltammetry of Cr(II) in iodide solution. Solution:
1
1.28 mF NaI, 0.100 F HC1O4 (p = 1.00) with DCrZ(Cr(II))/
i
DA(1) = 1.51.
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Figure 26. Cyclic voltammetry of Cr(II) in ilodide solutlon Solution:
1. 28 nF NaI, 0.100 F HC104 (u = 1.00) with Dg 2(0r(11 ))/
D 2(1 ) = 1.76. .
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Figure 27. Cyclic voltammetry of Cr(II) in iodide solution. Solution:

1 .
1.§7 mF NaI, 0.100 F HC104 (n = 1.00) with DCTZ(Cr(II))/
Diﬁ(l—) = 2.0%.
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Figure 28. Cyclic voltammetry of Cr(II) in iodide solution. Solution:

1
1.§5 mF Nal, 0.100 F HClO,4 (pn = 1.00) with DCrZ(Cr(II))/
Dii(l_) = 2.50.
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creased confirms the diagnosis that it is dvue to the reduction of the
product of A (CrI®").

Tn excess Cr(II) solutions a second anodic peak appears whose
height increases with increasing Cr(II) concentration and whose position
ig heavily dependent on the number of the cycle.’ The lrreproducibility
from the first to succeeding cycles i1s a phenomenon which we cannot ex-
plain. In each case the last cycle shown 1s the steady state behavior.
This behavior ig independent of the age of the drop in the solution, or
whether the drop has bheen used bhefore. It is also remarkably reproduc-
ible from one trial to the next.

The constant height and position of the ancdic peak A and cath~
odic peak B at constant iodide concentration and varying excess Cr(II)
is convincing evidence that Cr(II) is oxidized via an lodide bridge to

form Cr12+.

Experimental details. These experiments were carried out using

the cell described on page 65 and the multipurpose instrument described
on page T6. The voltammograms were recorded using a Moseley Autograph

X-Y recorder. The sweep rate was 0.13h v./sec.

ITI. Controlled Potential Electrolysis of Chromium(II) Solutions:

Oxidation in the Presence of Chlorid¢~Iodide Mixtures

The oxidation of Cr(II) in the presence of chloride-iodide mix~
tures presents the intrigulng possibility that the product distribution

might differ from that predicted by the parallel reaction theory because
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iodide 1s adsorbed on mercury to a greater extent than is chloride. To
investigate this possibility, large-scale electrolyses similar to those
describved in Chapter 3 were carried cut in sclutions containing both
lodide and chloride.

The oxidations were dore at ~-0.192 v. vs. SCE instead of at
-0.012 v. ws. SCE to avold oxidation of mercury. The product solutilons
were analyzed for the amount of lodide and for the total amount of free
halilde by potentiometric titration with standard silver solution. The
amount of CrC12' formed was found by difference. The initial conditions
and the amount of free chloride found in the product solutlons are glven
in Table 6. In each experiment the initial chloride to iodide ratio was
about 10.

The results are presented in Figure 29, The slope of the line
defined by the experimental points is 0.75 meq.CrClE+/meq.Cr(II). In
the three experiments wilth the largest Cr(II) concentrations the differ-
ence between the amount of CrC12+ formed and the amount that would have
been formed had no lodide been present is greater than the amount of
iodide. Thils 1s possible because the time required for electrolysis
(about .one hour) is long compared with the lifetime of Cr12+, so that
iodide 1s belng freed at a rate commensurate with its use.

There is no point in attempting even an approximate treatment of
the problem of mass transfer to a stirred mercury pool electrode. How-
ever, the results of Appendix II suggest that the fraction of CrC12+
formed in these experiments should be approximately equal to the ratio
of the rate of formatilon of CrCl2+ to the sum of the rates for all pos-

sible oxidation paths.
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Figure 29.
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(Cr(II))o, meq./!.

The effect of jodide on the inclusion of chloride in the
controlled potential oxidation of Cr(II). The dotted
line shows the behavior to be expected in the absence of
iodide. See Table 6 for conditions.
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TABIE 6

Controlled Potential Electrolysis of Cr(II) Solutions
Containing Chloride and Iodide

(I")i (cf)i (CrII)O (clf')f

0.1008 1.007 0.3010 0.798
u " 0.7020 0.506

0.0978 1.018 0.9007 0.357
) K 0.5199 0.636
" " 0.1753 0.892
" " 0.207h 0.856
" " 0.17h7 0.915
" " 0.1922 0.897

1 refers to initial amounts
T refers to free chloride found after electrolysis

(CrII)O is the value obtained from the integrator
for the amount of Cr(Il) oxidized electrochemically.

All flgures are glven in total number of milliequiva~-
lents of material in the solution. The sclution veol~
ume in these experiments varied from 42 to 50 ml.

From Figure 2 of Reference 6 we can extract the following rate

constants for the oxidation of Cr(II) at -0.192 v. vs. SCE:

ky = 0.14 x 1072 cm./sec.
(c17 )kz = 2’75,X 1072 cm. /sec. )
(I )ks = 6.40 x 107% cm./sec.
(c17) = (17) =5 x 107° moles/cm.
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Here kjy 1s the rate consbant in the absence of bridging ligands and
(C17 ks and (I—)ka are the pseudo-first-order rate constants in the
presence of chloride and iodide, respectively, for the ligand bridged
path alone.

For the experiments described above the value of the rate ratio

" is

(C17 ke
(C1 ke + (I )ke + ky

= 0.74 + 0.03 (2)

In calculating this ratic it was assumed that the iodlide concen~
tration is equal to its initial value, (1”)1, glven in Table 6, and that
the chloride concentration 1s equal to %(Clﬁ)f + %(Clh)i, which 1s ap~—
proximately the average value of the chleride concentration during the
electrolysis.

The value of the ratio given in Equation 2, 0.7k, is in remark-
able agreement with the value of 0.75 glven by the slope of the line in
Figure 29, Thils agreement between experiment and the prediction of
parallel reactién.theory suggests that the influence of halide adsorption
on the mechanism is contained in the rates themselves. The mechanistic

implications of the rate parameters are dlscussed in Chapter 7.

Experimental procedures. The general procedures and equipment

used are described in Chapter 3.

The product solutions were made 5% in Ba(ClO4)s before analysis
to supﬁress the adsorption of silver ion on precipitated silver lodide.
Analysis of standard chloride-iodide mixtures showed that the determina-

tion is capable of 0.2% accuracy in chloride determination when the
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chloride to lodide ratio is 10:1. The accuracy drops with decreasing
chloride to iodide ratio.

Several blanks were dene in which all components except the
Cr(II) were added to the cell, the solution was electrolyzed at -0.192 v.
vs. SCE for about one hour, and then analyzed for chloride. A maximum

cf 0.001 milliequivalent of current was passed; the chloride analysis

was 0.5% low.
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Chapter 7

THE RATE OF OXIDATION OF CHROMIUM(II)

The role of bridging ligands in the oxidation of Cr(II) at mer-
cury electrodes can be studied by determining the effect that those 1i-
gands have on the rate of the oxidation. There are two ways in which
the determination of rates helps to define the mechanism. First, the
dependence of the pseudo-first-order heterogeneous rate constant for
the reaction on the ligand concentration can be determined. Second, the
rate parameters for different ligands can be compared and the differences
in rate correlated with differences in the properties of the ligands.

The theory of electrode kinetics is discussed by Delahay (32).

The general equation describing the rate of an electrode reactlon is

o B0 (1-0) %(E—E%}

%%7);5 = kﬁ[co(o,t)e RT - cp(0,t)e

When the reaction is sufficlently irreversible, one of the terms

(1)

in the right hand side of Equation 1 may be neglected and data are
easily analyzed without prior knowledge of the standard potential, EO,
although the standard potential must be known to evaluate the standard
rate constant, kﬁ. When the reaction is quasi-reversible both terms must
be considered. This increases the complexity of the relationship between
the rale and the rate parameters, and requires that E° be knowvn inde-
pendently, since it is used in the analysis.

The rate parameters for a reaction are usually found by studying

a reduction rate, sometimes an oxidation rate, rarely both. However, if
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rate parameters are determined for both the anodiec and cathodic processes
and they agree with each other, the results are much more convincing than

those based on a single determination.

I. Kinetic Parameters for the Couple Cr(II)/cr®

in Perchlorate Solutions

In the absence of bridging ligands the Cr(II)/Cr3+ couple is
highly irreversible at mercury electrodes. This means that simple tech-
niques can be used‘to measure the rates and the kinetic parameters are
easily extracted from the measured rates. We have measured the rate of
oxidation of Cr(II) and the rate of reduction of cr3" and have determined

the rate parameters for each reaction.

1. The Rate of Reduction of Crd .

We have measured the rate of reduction of Cr3+ polarographically.
The data were analyzed by straightforward application of the theory of
totally irreversible polarographic waves (33). Semi-logarithmic plots
of f(i/id) = (121:/7)% A vs. potential are shown in Figure 30. The de-
rived rate parameters are presented in Table 7. The scatter in results
is well within that typically observed in electrochemical rate measure-

ments.
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Figure 30. Semi-logarithmic plot of A as a fugction of potential for

the polarographic reduction of cr®’. Solutions:

A, 0.712 uF Cr®", 0.0728 F HC104 (u = 0.98);
B, 1.420 wF cr3", 0.0797 F HC104 (u = 1.00);
¢, 2.12 uF Cr®, 0.0868 F HC104 (p = 1.01).
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TABLE 7
(cr®),mm kﬁ x 109, cm./sec. o
0.71 0.86 0.61
1.k2 0.66 0.62
2.12 0.55 0.64
Av. 0.69 + 0.11 0.62 + 0.01
[e) .
E- = ~0.650 v. vs. SCE

Experimental procedures., Digital polarograms were obtained using

a three-electrode polarograph and recorded with a Brown millivolt recorder.

Solutions were prepared by adding a measured volume of Cr(III)
stock solution (prepared as described in Chapter 2) to a measured volume
of supporting electrolyte solution with 0.066 F HC1O4 and 0.908 F NaClOg4.
The Dpackground current was measured in the deaerated supporting electro-
lyte solution before adding the Cr(III) solution.

A drop knocker was used with the dropping mercury electrode to
meintain a drop time of 4 sec. The reference electrode was a Beckman SCE
connected to the solution by a cracked glass bead salt bridge contailning

1 I NaNOz. The auxiliary electrode was a platinum wire.

2. The Rate of Oxidation of Cr(II).

The rate of oxldation of Cr(II) was measured using potential step
chronocoulometry (34). For irreversible oxidatlons the charge-time re-

lationship for potential step chronccoulometry is
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*Q = %é exp(%zt)erfc(Kta) + 2At

T 1 (2)
oo (1-0) BE50)
where K = -n% A_khc e (3)
© (1-0) & (E——E )
and A=-fc (L)
D2
*Q =Q -

le is the charge due to faradsic reactlon alone. The total

measured charge, Q, includes the charge Q 1 required to charge the

double layer from the initial potential where no reaction takes place to

the final potential.

For a diffusion controlled reaction, the charge is

e e
*q. = 2nATRC
e

£2 (5)
/= ’
% -2 K.
or Qg = 7 = & (6)

Substituting Equation 6 into Equation P we obtain

2 *Q 1 ( 2 > )
= (1 - 2] = = {1 - exp(ABt)erfe(Ae?) (7)
Jr Qg M2

A working curve was constructed from calculated values of the
function

1 1 A
f(A2) = —r (l - exp(REt)erfc(Ktz)] (8)
At2



102

.y
which are presented in Table 8. From this working curve values of At2

were obtained for various values of *Q/*Qd. This method of determining
kinetic parameters is analogous to that used in polarography.

Q-t traces were obtained over 40 msec, intervals for potentials
from -0.3%300 v. to -0.050 v. vs. SCEH. @~t traces were obtained at +0.200v.
vs. SCE to give *Qd as a function of time, The plots obtained from de-
rived values of Aﬁ% are shown in Figure 31. The values of the rate

parameters obtalned from these plots are given in Tabhle 9.

TABLE 9
t, meec. x° x 10%, cm./scc. o
10 8.4 0.72
20 5.1 0.69
30 2.9 0.67
Lo 1.8 0.6k
o]
E° = ~0.650 v. vs. SCE

The trend to higher values of the standard rate constant and
transfer coefficilent at shorter times is probably'due to uncertainty in
the double layer correction. The longer the time, the smaller le is in
comparison with *Q and the smaller the effect of an error in le. Both

Q

a1 and *Q are potential dependent, but *Q increases fasber with more
anodic potential than le does, so error in le affects the transfer
coefficient as well as the standard rate constant. The kinetic parame-

ters obtained from the data at 40 msec. are probably closest to the true

values.
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TABLE 8

£(x) = 21 - exp(:®)erfe(x)]

X £(x) X £(x)
0..0001 1.1300 0.24 0.9257
0.0002 1.1289 0.25 0.9186
0.0005 1.880k 0.26 0.9116
0.001 1.1276 0.27 0.9048
0.002 1.1265 0.28 0.8980
0.005 1.1234 0.29 0.8913
0.0l 1.1184 0.30 0.88hk7
0.02 1.1087 0.31 0.8781
0.03 1.0990 0.%2 0.8717
0.0k 1.0896 0.33 0.8653
0.05 1.0802 0.3k 0.8591
0.06 1.0710 0.%5 0.8529
0.07 1.0619 0.3%6 0.8L68
0.08 1.0530 0.37 0.8407
0.09 1.0kk1 0.38 0.8347
0.10 1.035h 0.39 0.8288
0.11 1.0268 0.40 0.8230
0.12 1.0184 0.h1 0.8173
0.13 1.0101 0.45 0.7950
0.1k 1.0018 0.50 0.7686
0.15 0.9938 0.55 0. 1438
0.16 0.9858 0.60 0.7203
0.17 0.9779 0.70 0.6772
0.18 © 0.9701 0.80 0.6386
0.19 0.9625 0.90 0.6038
0.20 0.9549 1.00 0,5724
0.21 0.9k 7k 1.10 0.5439
0.22 0.9401 1.20 0.5179
0.23 0.9%2°8 1.30 0.hol1
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Figure 31. Semi-logarithmic plot of At2 as a function of potential for
the potential step chronocoulometric oxidation of cr(II).
Solution: 1.09 mF Cr(II), 0.100 F HC104 (u = 1.00). The
letters refer to the measurement time for each set of
points: Tip, 10 ms.; Tp, 20 ms.; Ts, 30 ms.; T4, 40 ms.
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Experimental details. The experiments were carried out as de-

scribed on page 100. Solutions were 0.5 mF Cr(II), 0.100 F HC1lO4

(v = 1.00).

The rate of oxidation of Cr(II) in solutions 0.5~7.0 wF.in
cr(II), 0.1-0.01 F in HClO4, and 1 F in NaClO, was determined by Aikens
and Ross (6) using a potentiostatic technique. They extrapolated 1 vs.
ﬁ% to give the intercept io = knJ AC, where the equaticn defines their
value of k. We have plotted their rate data (Figure 32) to obtain the
rate parameters kho = 0.78 x 107> em. /sec. CEO = ~0.650 v. vs. SCE) and

o = 0.65.

%, Discussion.
The best values of the rate parameters for the couple Cr2+/Cr3+
‘are given din Table 10. The agreement among these values is gquite good.
When the transfer coefficient for an electrochemical reaction
is 0.5 the rate of the reaction as a function of potential is symmetrical
about the standard potential for the couple. kThe pronounced asymmetry
observed if O # 0.5 is 1llustrated by the normelized polarogram shown
in Figure %3%. The polarogram was calculated using the wvalues kho =

107> cm./sec. and O = 0.63.

TABLE 10
kho x 10%, cm./sec. a Reference
0.69 0.62 Table 8
1.8 0.6k Table 9
0.78 0.63 Reference 6

EC = -0.650 v. vs. SCE
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Figure 32. Semi-logarithmic plot of the potential dependence of the

rate of the reaction Cr2+ - Cr3+ + e from the data of
Aikens and Ross (6).
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Figure 33. Normalized polarogram for the kinetlc parameters
- 1
kho = 10" cm./sec. and G = 0.6% with n = 1, D2 =
0.00254, T = 27° C.
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II. Kinetic Parameters for the Couple Cr(IT)/crc1®"

Aikens and Ross (6) present data which can be used to obtain the

kinetic parameters for the reaction

2t 4 m =2 crcr2t (9)
We cannot calculate the standard rate constant because the standard po-
tential is not known. However, from the plot of this data shown in
Figure 34 we obtaln the value of the transfer coefficient, O = 0.43,

This is in contrast to the value of 0.63 for the reaction
2t =5 ot (10)

From unpublished rate data obtained by Aikens and Ross (35) we
‘derive the value & = 0.39 for the reduction of Cr012+ in perchlorate
solution at pH 2 (u = 1.00). Prom gimilar data for reduction of Cr3+
(35) we extract the value & = 0.62 (cf. Table 10), which supports the
validity of the method and indicates that the difference between the

trensfer coefficients for Cr3’ reduction and CrC12t reduction is real.

IIT. Kinetic Parameters for the Couple Cr(II)/Cr(ITI)

in Bromide Solution

In bromide solution under conditions where the oxidation of
Cr(II) is not diffusion limited, the oxidation takes place via two

paths;
cr®” + Brm =5 cree2t (11a)

ot =2 o8t

(11p)
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Figuré 3, Semi-logarithmic plot of the potential dependence of the
rate of the reaction Cr2+ +Cl -~ Cr012+ + e from the
data of Aikens and Ross (6).
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as has been discussed above (page 82).

To determine the kinetic parameters for the bromide-dependent
process we must measure the combined rate as a function of bromide con~
centration and extract from those data the bromide-dependent part of the
rate.

The situsation is slightly different for the cathodile process:

B2t 2 o 4 BT (122)
or®t 2y o2t (12p)

because the reduction of CrBr2+ ig diffusion conbtrolled under most con~
ditions at potentials anodic of Cr®" reduction. This means that the

rate of Reaction 12a can be measured directly without interference from

Reaction 12b.

1, Chronopotentiometric Measurement of the Rate of

Oxidation of Cr(II) in Dilute Bromide Solution.

The rate of oxidastion of Cr(II) in 1 mF NeBr solution was de-
termined chronopotentiometrically at a hanging mercury drop electrode.
~ The chronopotentiograms were analyzed ag totally irreversible
waves. The potential-time relaticn is obtained by substituting the
chronopotentiometric equation for CR(O,t) (36) in Equation 1 with

cO(o,t) = 0, giving

o)
0 RT khro RT

Dt
E =B - (1~a)nS n == - (1-a)nS in [ex@ ( ;%

erfc

(ot ’5')

Q

1
2

- exp erfe (K%Il—
o]

} (13)

ob|F
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The calculation of the time;dependent term is more readily done
by expanding the argument of the logarithm in power series. This re-
moves some of the dependence on the diffusion coefficient, D, and the
radius of the electrode, T Only three terms of the expansions need

be taken. The resulting equation is

-, 0
RT 5 BT ((Tamtg)

B=E - TTans ™ T TS

It

2

(v ") (14)

1
yx 2 2
-5 - (7-t) + 5

E

A logarithmic plot of a chronopotentiogram according to this
equation is shown in Figure 35. The derived values of the kinetic
\parameters are ¢ = 0,50 and kh = 1.25 x 107° cm,/sec., where the rate
constant 1s referred to E = O v. ve. SCE. A gimilar plot for another
chronopotentiogram gave the values & = 0.45 and kh = 0.72 x 1078 ch/sec.

Experimental detalls. The chronopotentiograms were obtained as

described on pp. OLFF.
The experimental solution had 1.69 mF Cr(II), 0.100 F HClO4,
1.00 mF NaBr (p = 1.00).

Transition times were about 2.3 sec.

2. Polarographic Determination of the Bromide

Dependence of the Rate of Cr(II) Oxidation.

The rate of oxidation of Cr(II) in solutions with varying bromide
concentration was determined polarographically. At large bromide concen—

trations the rabte i1s sufficlently large that the quasi-reversible analy-



113

>
0-881+
0-42+
e
o
L
0-26f
O-10
b
| 1 | b
- 320 -360 -400
E, mv. vs. SCE
Figure 35. Chronopotentiometric determination of the rate of cr(II)

oxidation in dilute bromide solution. Solution: 1.7 nF
cr(II), 1.0l mF NaBr, 0.100 F HC1lO4 (p = 1.00). The data
is plotted according to Equation 14, F(t) is the argument
of the second logarithmic term in that equation.
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sis must be used. The method is diécussed in detail by Delahay (37).
The value of the effective half-wave potential for use in the analysis
was determined by the extrapolation procedure of Koryta (38) which 1is
illustrated below in Figure 38,

When the points used in the analysis of the polarograms are
0.120 v. or more from the half-wave potential, the backward reaction
contributes less than 1% of the current. TFor all but the two highest
bromide concentrations, the totally irreversible analysis was used for
the polarograms by selecting only points near the head of the wave as
far from the half-wave potential as possible. The values of & obtained
from the semi-logarithmic plote of rate vs. potential for each bromide

concentration are given in Table 11.

TABLE 11
(Br_),moles/l, 07
0.87h 0.29
0.436 0.28
0.0546 0,78
0.00192 0.27
0.00154 0.49
0.00106 0.49

Figure 36 shows the bromide dependence of the rate at several
different potcntials. These results show that the pseudo first order
heterogeneous rate constant for the oxidation of Cr(Ii) in the presence
of bromide can be written in the form k = k3 + ko(Br ). From the slopes
of the lines in Figure 36 we obtain the constant for the bromide de-

pendent path, ko, and the intercepts glve kj.
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Figure 36. The variation of the rate of Cr(II) oxidation with bromide
: concentration. The numbers on the lines are the potentials
at which the rate was measured. See Page 116 for conditions.
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The semi~logarithmic plot in Figure 37 shows the potential de-

pendence of ko. From this plot we obtain the transfer coefflclent O =

0.21., The rate constant is kﬁ = 1.82 ch4/mole.sec. referred to E
~0.500 v. vs. SCE. The logarithm of the k3 values obtained from the
intercepts do not show a linear dependence on the potential. The un-
certainty in these values 1s so large that such a relationship could
hardly be expected. However, the values are all within a factor of 2
of the rates calculated from the O values and standard rate constants

given in Table 10.

Experimental detdils. The polarograms were obtailned with a

Sargent Model XV Polarograph.

An H-cell of standard design was used with a large NaCl SCE
" reference electrode connected to the solution compartment by a 1 F Nal-
agar salt bridge with coarse fritted disk. The potentials in Figures
36-37 are given with respect to this reference electrode which is
+0.012 v. vs. SCE.

The dropping mercury eleclrode had a drop Lime of 3,60 sec. with
m2/5t1/6 = 2,33 mg.g/Bsec.—l/g.

| The solutions were prepared by adding a measured amount of Cr(II)

stock solution to a measured asmount of deaerated supporting electrolyte
solution in the cell. The composition of the resulting solution was
3.65 mF Cr(II), 0.105 F HClO4, and 0.874, 0.436, 0.0546, 0.00192,
o.ooislp, or 0.00106 F WaBr (u = 1.00).

Background current was measured in the deaerated supporting

electrolyte solubion before adding the Cr(II) solution.
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Figure 37. Semi-logarithmic plot of the potential dependence of the
rate of the reaction Cr2+ + Br - CrBr2+ + e . The points
are the slopes of the lines in Figure 36.
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%3, Polarographic Determination of the Rate of

Reduction of CrBr2’,

The rate of the reductlon of CrBr2+ wa.s determined polaro-
graphically in 0.91 F NaBr solution. The usual quasi-reversible analy-
sis of the polarographic wave was used (37) with the effective half-wave
potential determined by the method of Koryta (38). The extrapolation to
glve the half-wave potential is illustrated in Figure 38.

The wvalues of (lEt/?)%A are plotted as a funetion of potential
in Figure 39. The minimm 1s close to the expected minimum required by
the choice of half-wave potential, -0.501 v. vs. SCE. Simllar plots
were made for the same date analyzed using ~0.500 v. and -0.502 v. vs.
SCE for the effective half-wave potential. The fit in these cases was
not as good. This gives us confidence in the cholce of reference po-
\tential.

From Figure 39 we obtain & = 0.48 and kﬁ = 1.82 x 1072 em, /sec.

(referred to E = -0.500 v. ve. SCE).

Experimental details. The polarogram wag obtained as described

on page 100.
Chromic Bromide (K&K Laboratories) was used as the source of
orBr?T. Solutions were 0.91 F in NaBr, 0.066 F in HClO., and approxi-

mately wF in CrBr2 .

k., Discussion.
The values obtained for the kinetic parameters are summarized
in Table 12. The standard rate constants are calculated for 1 M bromide

(lO“3 moles/chs). The standard potential obtained in Section 3,
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Figure 38. Nernst plot for the polarographic reduction of CI'BI'2+ in
0.91 F NaBr, 0.066 F HClO4 solution illustrating Koryta's
method of determination of the reference potential.
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~0.501 v. vs. SCE, 1s shifted to ~0.499 v. vs. SCE in converting from
0.91 to 1 M bromide. TFor convenience, the value of the standard poten~-
tial has been arbitrarily chosen to be -0.500 v. vs. SCE.

The values of the standard rate constants are in remarkably good
agreement. The difference in & values, though large, is not especially
surprising, because of the wide variation in conditions under which the
data was obtained. This point is discussed in more detail below, The
derived value of the standard rate constant for Cr(II) oxidation depends
much more heavily on the transfer coefficlent than does the value for
CrBr2+ reduction. The agreement of the standard rate constants suggests
that the @ value obtained from Cr(II) oxidation is at least a well~
defined quantity, though it may be far from the "true" value because of

double layer effects.

TABLE 12
ki x 108, cm./see. 4 Reaction
+ - -e_ +
1.82 0.21 ¢’ + Br —> CrBr®
1.88 0.48 crerrt 2 o2t 4+ B

E° = -0.500 v. vs. SCE
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TV. ‘The Relation Between the Kinetic Parameters and Mechanism

In all of the rate determinations discussed ahove the effect of
the V¥ potential on electrode kinetics has been ignored. This is an im~
portant effect, particularly in the oxidation of Cr2+, where the reac—
tion is strongly accelerated by negative ¥ potential and strongly decel~
erated by positive ¥ potential. Obtaining the true rates for the reac-
tions investigated is a major project beyond the scope of this work.
However, we can say a few things about the measured rate parameters.

Much valuable progress has been made in development of theory
to predict electrochemical standard rate constants and their relation
to homogeneous rate constants, but work in this afea has been confined
. to adiabatic reactions (59). FEven the oxidation of Cr‘?‘+ to Cr3+ is
non-adiabatic, because while Cr(HgO)63+ is rigorously octahedral,
Cr(HBO)52+ is highly distorted from octahedrsl symmetry, having two
short and four long metal-oxygen bonds (40).' This means that bond def~
ormation must accompany the electron-transfer process., However, the
deviation of the values of the transfer coefficient from the adiabatic
value of 0.5 (41) can be speculated upomn.

In analysis of kinetilc data the current or some related guantity
is plotted semi-logarithmically against potential. The graph should
give a straight line with the slope proportional to - or to 1, de-
pendihg on whether the reaction is a reduction or an oxidation. How-
ever, if the effect of the ¥ potential is taken into account, the slope

must be decreased by the quantity
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(15)

514

(on-z) ﬁ%

independent of whether the reaction is an oxidation or a reduction (8).
This correction is often not considered to be important because
the semi-logarithmic plot is linear, but quite often OY/OE is constant
or nearly so over a sufficiently wide potential range that the linearity
of the plot does not mean that neglecting the ¥ effect is justified,
For one-electron oxidations or reductions when the plot is

linear, we have

(16)

where Oﬁeas is the value of O one obbtains from the slope of the line if
the effect of double layer is ignored. Over the potential range of
interest to us the varlation of ¥ with potential is fairly small. We
are helped In this respect by the fact that increasing the halide con-
centration, while shifting the flat portion of the curve to more cathod~
ic potentials, also sghifts the effective polarographic half-wave poten—~
t1lal to more cathodic potentials, so that as one varies the halide con-
centration and studies the effect on the rate of oxidation of Cr(II),
the effect of the double layer on the apparent value of & is remarkably
constant. The actual amount of the correction on & may be as large as
"0.15. With this reservation in mind, let us examine the transfer coef-

ficlents listed in Table 13,
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Figure 40. The { potential as a function of potential from the work
of Gierst (L2).
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TABLE 13
Couple 61 Process

cr(1)/crst 0.63 ox and red
crc12t 0.43 ox

0.49 red

+

CrBr? 0.21 ox

0.48 red

The closeness of the @ values for CrX2+ reduction to 0.5 sug-

gestes that the electrode reaction is

x4 &7 —— X (17)
followed by a fast dlssociation step

X’ —— r® X (18)

On the other hand, the low values of the transfer coefficients obtalned
for the oxidation of Cr(II) to CrX2+ gsupport the view that intrusion of
halide into the chromium coordination sphere forms the transition state
for the electron transfer rather than constituting a fast prior reac—

tion.
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APPENDIX T

CHRONOPOTENTIOMETRY AT HANGING MERCURY DROP ELECTRODES:

THE EFFECTS OF SPHERICAL DIFFUSION

Mercury pool electrodes, conventionally used in chronopotentio~
metry, have the disadvantage that the surface 1s not truly renewable.
The hanging mercury drop electrode provides an electrode surface which
can be renewed in a reproducible way and is of constant area in contrast
with the dropping mercury electrode.

The disadvantage of the hanging mercury drop electrode is that
‘the solutions to the diffusion equation for common chronopotentiometric
conditions are much more complicated for spherical diffusion than for
" linear diffusion. When the diffusion layer thickness is sufficlently
small In comparison with the radius of the drop the physical situsatlon
ig sufficiently close to semi-infinite linear diffusion that the simple
linear solutions may be used. However, thils usually demands transition
times gufficlently short that switching problems become important and
oscillographic recording is required.* The great advantages of avoild-
ing instrumentation problems and being able to use more accurate and
much more convenient pen and ink recorders provide ample incentive to

investigate the effects of spherical diffusion at longer times.

*Adequate switching is especially critical in chronopotentiometry
with current reversal at short times.
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Correction of the Forward Transition Time

The solution of the diffusion equation for chronopotentiometry
with spherical geometry which applies to work at hanging mercury drop
electrodes was first obtained by Mamantov and Delahay (1) and is a rela-
tively easily derived and well known result. It i1s given in Equation 1
along with the corresponding solution to the linear problem, Equation 2,
the familiar Sand equation.

c°n% AD

- L- exp (M= )erfec () (1)

In Equation 1, A = (DT)%/TO’ where r_ is the radius of the drop. The
other symbols have their usual meaning.

The qualitative effect of the change from linear to spherical
diffusion is as one would predict, namely that all other things belng
equal, T for Equation 1 is greater than 7 for Equation 2.

If the right hand side of Equation 1 is expanded in a power
series in A, it 1s found that for sufficiently emall values of

A(A = 0.15) Equation 1 is well approximated by

1
Yy QAT
> 2
where 2=1- %; A+ 5%L' (&)
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The data obtalned under conditions where spherical diffusion is
important can be "corrected for spherical diffusion” by multiplying the
values of if% calculated from the data by the factor X toc obtaln the
Sand value for the solution in question. To facilitate the routine ap-
plication of this method calculated values of & and the corresponding
values of A are presented in Table I-1l along with a working curve con-
structed from that table (Figure I-1).

It is instructive to see what the correction factor % is under
various experimental conditions. PFirst, for typlcal values r, = 0.06 cm,
and D%' = 0.003 cm. /sec..%, we find that A = 0.15 corresponds to a transi-
tion time of 9 sec., which is a longer time than 1s normally used on
hanging drop electrodes. Therefore, the working curve covers the region
of interest. Second, let us consider the maximum time for which one

" should be able to avoid spherical diffusion effects. It is unreasonable
to expect if% values to be constant to better than 2%, Therefore, se-
lecting 98% as the minimum value of £ with the above choices of r, and
E%, we find that T must be less than or equal to 0.2 sec.

The upper limit for the application of the correction factor %
is a practical one, for at longer times density gradients and other
stirring effects become important. The usefulness of the correction is
shown by the fact that the approximate upper limlt for uncorrected tran-
sition times is roughly the lower limit for routine recording.

Although this treatment of the spherical diffusion appears be-
yond reproach, it is common knowledge that no correction for spherical
diffusion need be made for times less than about 3-5 seconds. This is

i
illustrated in Figures 10 and 15 above in which iT2 dats corrected for
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TABLE I~1
1
Correction to i7® for Spherical Diffusion

i A
172¥ :-{éixaﬁAiﬁco

i
for A = (DT)Z/I'O £ 0.15

A %
0.150 0.8821
0.149 0.8828
0.148 0.883k4
0.1h7 0.8841
0.146 0.8848
0.144 0.8862
0.142 0.8877
0.1k0 0.8890
0.138 0.890k
0.136 0.8918
0.134 0.89%2
0.1%2 0.8946
0.130 0.8961
0.128 0.8975
0.126 0.8989
0.124 0.9004
0.122 0.9018
0.120 0.90%2
0.115 0.9069
0.110 0.9106
0.105 0.9142
0.100 0.9181
0.090 0.9256
0.080 0.9%34
0.070 0.9413
0.060 0.9492
0.050 0.95Th
0.0k40 0.9657
0.020 0.9826
0.010 0.9912

0.005 0.9956
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sphericel diffusion shows a dip at times longer than about 1 sec, The
uncorrected if% values were more nearly constant. The simple explana-
tion for this 1ls that the experimental conditlons do not correspond to
the conditions of spherical diffusion for which Equation 1 was obtained.
This point 1s illustrated in Figure I-2 which shows the bypical

design of a hanging mercury drop electrode of the Kemulae or Shaln type:

Figure I-2. Hanging mercury drop electrode.

The diffusion volume excluded by the glass capillary is sufficiently
large that at intermediate times the increase in diffusion volume pro-
vided by the spherical geometry is compensated for by the excluded vol-
ume. Thils cancellation is fortultous and of course aighly dependent

on the exact geometry.

Experimental Verification of the Spherical Correcticn

The reduction of CA(II) in perchlorate solution was investigated
on a hanging mercury drop electrode of the Kemula type in which the
capillary end was ground to a cone as 1illustrated by the dotted lines

in Figure I-2 in order to minimize the excluded volume effect. The



135
1
data and the calculated raw and corrected values of 172 are presented

in Table I-2.

TABLE I-2
i, pa. T, sec. A iT%, pa. sec{% if%Z, Ma . sec.%
20,08 6.1k4 0.1069 49.8 b5.5
25.55 3.684 0.0827 L8.6 45,2
33.73 2.046 0.0618 k8.3 k5.8
40.28 1.286 0.0508 L7k 45,4
55.18 0.7%2 0.0369 h7.2 45.6
9k.25 0.249 0.0249 k7.0 45.9
Av.  145.640.2
# - 0.00246 f%n%_Aﬁ%CO/E = 45,5

The agreement between the measured value (the left hand side of Equation
5) and the calculated value (the right hand side of Equation 3) is con-
Vincing evidence that application of the spherical correction factor is
a reliable procedure.

1
Additional confirmation is given by plotting it as a functlon
1

1
of ™. The T = O intercept should give the corrected value of iT=,

This is shown in Figure I-3. The intercept is U45.7.

Experimental procedure. Standard chronopotentiometric clrcuitry

was used.

Chronopotentiometric waves at long times were recorded on a

Moseley Autograph X-Y recorder; at short times they were recorded Dby
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photographing the trace of a Tektroanlcs Type 531A oscllloscope equipped
with Type D Plug-in Unit.

A solution approximately 0.2 F in Cd(ClO4)owas prepared by add-
ing less than a stoichicmetric amount of HCl1O,4 to solid CACOs and fil~
tering off the excess salt. The solution was standardized by titration
with EDTA solution standardized by titrating aliquots of a standard zinc
solution made from zinc metal.

Sufficient CA(Cl04)» stock solution was mixed with NaClO./HC10,
supporting electrolyte solution to give a solutlon for chronopotentio-
metric investigation with 2.65 mF CA(ClO4)s, 76.3 mF HC1O4 (p = 1.06).
The indlecator electrode was a Kemula-type mercury hanging drop electrode
modified as described above with area 0.0409 em.? and radius 0.0571 cm.

ag determined from the welght of 10 drops.
Conclusions

Chronopotentiometry on hanging mercury drop electrodes at times
where spherical diffusion effects are important can be accurately cor-
L
rected by multiplying the values of 172 by the factor I obtained from

L
the working curve in Figure I-l. The value of i17°% is equal to the

et

value of iT2 one would obtain for linear diffusion (the Sand value).
In the region where the correction 1s most useful, significant departure
from the conditions of spherical diffusion may be caused by the diffu~

sion volume excluded by the support for the mercury drop.
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Chroncpotentlometry with Current Reversal:

Correction of the Transition Time Ratio

Congider a sclution containing bulk concentration of the oxi~
dized species O which can be electrochemically reduced to R and sub-
sequently reoxidized to O. Assume that the magnitude of the current is
constant, but that 1ts direction is changed at a time tf which is less
than or equal to the forward transition time for O. The equation re-

lating t_., the forward time, and T the reverse transition time, 1s

f,
obtained by solving the differential equation

oc (r,t) o%¢ (r,t) oc (r,t)
0 N 0 L2.0 5)
ot =D R r OJr 5
with the boundary and initial conditions
o
Co(r,0) = Cylot) = Cy (6)
CR(r,O) = GR(co,t) =0
aco(r,t) !
T or pop DSAD
(@
oC, (r,t) ac_(r,t)
D 2 + D R
0 or , R or =0
I’=I’o r:ro

The subscript 0 refers to the oxidized specles, 0, the subseript R to
the reduced species, R, and T, is the radius of the electrode.

After the change of varisble

U(r,t) = x[c® - o (r,t)] (1)
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a solution is readily obtained using standard Laplace transform methods.

The result is*

0 .= 1 + experfc ah - 2 experfc A (8)
1 3
= t
2 1 f
where A= ;; ™ ;3 a=|14+ ;; (9)

Thig solution has in common with the familiar solution to the correspond—

ing problem with linear diffusion:

o

£
p
r

=3 (10)

the important feature that the result is independent of CO, i, and A.

Figure I-4 shows the varlation of transition time ratio with
forward time according to Equation 8. ﬁ%/ro is typically 0.05., Figure
I-5 gives the correction to the measured ratio tf/Tr which must be ap-
plied to obtain the value for linear diffusion. The curve was obtained
from Equation 8 by calculating a for various values of A and using the
relation p = 3/(a®-1). A similar curve for p as a function of tf% is
shown in Figure I-6.

If the simple model assumed by Equation 8 is obeyed, p(tf/Tr) =
%.00., If chronopotentiometry wilth current reversal is done on second
time scales the application of the correction factor p to the measured
transition time ratios should provide a convenient check for any unusual

behavior of the system.

*This result has also been cbtained by Murray and Rellly (2).
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for spherical diffusion. Calculated from Equation 8.
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Experimental Investigation of the Spherical Correction

The relevance of this treatment to experiment was tested by ex~
amining the reverse current chronopotentiometric behavior of Fe(II) in
pyrophogphate solution at pH 2. It is known that under these conditions
Fe(II) conforms to the simple behavior assumed by Equation 8 (3). A
typical chronopotentiogram shown in Figure I-7 illustrates the features
which meke this system ideal. The large potential difference between
Fe(III) oxidation and background gives an exceptionally well defined
transition time, and the near reversibility of the couple minimizes the
effect of double layer charging.

The results presented 1n Figure I-8 show that the deviation from
linear behavior caused by spherical diffusion 1s rather small, Some
.data are presented in a slightly different way in Figure I-9. Thils
shows the surprising result that the effect of sgpherical diffusion is
highly current density dependent. Equation 8 not only predicts no cur-
rent density dependence but also predicts that all the points in Figure
I~-9 must lie below the dotted line. Figures I-10 and I-11 show the de-
pendence of the transition time ratioc, the usual parameter of interest,
on tf and itf, respectively. These figures make 1t clear that abnormally
low values of the transition time ratio accompanied by severe irreproduc-
1bility are characteristic of low current densities. The same general
characteristics have been observed by Gross (). We suggest that the
abnormally long reverse transition times are due to material formed
during the forward time that 1ls trapped between the mercury drop and the

base of the capillary.
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of the data shown in Figure I-8. The dotted line shows

the theoretical behavior for linear diffusion.
above the line were obtalned at a current density of
367 pA./cm.2, those below the line at 1468 pA./cm.2

The polnts
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Figure I-10. Illustration of the pronounced deviation of the data of
Figure I-0 from the predlcted behavior for spherical
diffusion, the solid line. The dotted line shows the

predicted behavior for linear diffusion. P B 36TuA. / cm. 23
0, 1467 pa./en.2; O, 2LLo pA./cm.2
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The most important feature of these data 1s their mimecry of
product adsorption behavior at low current densities. At very low cur-
rent densities the amount of material trapped is comparable to the total
amount formed. Figure 20 1llustrates the similarity of the results to
those obtained with product adsorption. The "amount adsorbed” for Fe (11)
in pyrophosphate at pH 2 from Figure 20 is about 150 pC./cm.2 There 1s

bample evidence (3) that there is no product adsorption in this system.

Kxperimental procedures. The equipment has been described above

(page 135).

Solutions of Fe(II) were prepared by dissolving the appropriate
quantity of FeS04+*THzC in a supporbting clcctrelyte selution prepared by
adjusting the pH of 0.5 F NayPoO7 solution to pH 2 with 18 F HzS04. The
final solutions were 30 mF in Fe(II),

The cathodic background wave for the small amount of Fe(III)
present was measured at intervals during each experiment using a very
low current denéity. This cathodic background wave was used to correct
the measured reverse transitioh time by subtracting from it the appropri-
ate value of the transition time for the measured bulk concentration of
Fe(IIL). 1In no case was this correction more than 3% of the reverse
transition time. It was always less than 1% for current densities

greater than 100 pa/cm.?
Conclusions

He who approaches reverse current chronopotentlometry at spheri~

cal electrodes with a spherical correctlon factor and a prayer needs the

prayer. '
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APPENDIX IX

PARATIEL REACTIONS

‘Consider the electrochemical reactions

R —22 5 o, (1a)
. noe”
R ——s 0, (1v)

in which reactions (la) and (1b) are characterized by the parameters
Eio, o, k,, and D;, 1 = 1,2, We wish to find the current snd the
charge which would flow in a potential step experiment of the following
type. The solution initially contains only R and the initial potential,
‘ Eo’ 1s adjusted so that no current flows due to the oxidation of R. At
time t = O the potential is stepped to a valus E at which R is oxidized

to O3 and Op. Op and Oz are not in chemical equilibrium with each

other.*
The current flowing for each reaction 1s given by (l)
I, oc,
5 -0 (Sx = Leg(o,t)ry - €, (0,8, 1, 11,2 (2)
i x=0
ni% o
where Kip = K eXP[(lﬂi) BT (E~Ei )] (3a)
niS o
Koy = &y eXP[—Oﬁi =T (E-Ei )1 (3p)
*

The solution to this problem was suggested by Joseph H, Christie
of C.I.T,
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and the other symbols have their usual meaning.
The solution to the problem is obtained by solving the diffusion

eguation:
'g-_E‘:D—-—-— ()

with the initial conditions

Co(x,0) = ¢’ ¢,(x,0) =0, 1=1,2 (5)
and the boundary condlitions
Cple0t) = CR?; C (ot) =0, 1=1,2 (6a)
(BCR (acl) dCz
“PRASK 1x=0 = P2\ 5% /x=0 T P2\ 5% )x=0 (6D)

The solutions to Equation 4 in Laplace transform space are

— 1 1

C,(x,8) = &, exp(-s®x/D.2), 1 = 1,2 (7a)
e}

- Cr i1

CR(X,S) =+t exp(—szx/DR?) (7o)

where all conditions except (6b) have been applied.
Transforming Equation 2 and combining with the derivatives of

Equation 7, we find

5 11
% = ~D,%g%¢_, 1 = 1,2 (8)

Combining the transform of Equation 6b with Equation 8 and solving for

the constants of integration, 51’ i=1,2, we obtalin



B, p¥d

—— D + R _R
8 [&2f 18 1b Ef]

gz N - 1 D D ’é‘ 1 1 1 (9)
2 212 2 2| o2
{(Dng) s +[ oy (r L )+ r D2 + kD1 Js +
: b
Dy o
Klfmlb DR Rlbnzf DR. KleZQ}

A simllar equation is obtained for &3 by permuting all of the numerical

gubscripts in Equation 9.

The current is obtalned by finding the inverse transform for

Equation 8. Equation 9 can be written in the form

Aptp (10)

t2 = T517) (0°B)

P

where p = s2, From this form we find the inverse transform (2) and

algo the current:

i
-1, DiZCR? N
i = 2 {0y e (Pt)erte (1F)
1 |
(11)
1
- (Bki—ui)exp(ﬁzt)erfc(ﬁtz)}, i=1,2.
and by integration, the charge
~-Q. D,2C =
i iR —2 2yt
& = ; A~ )|
5S T 7P {7 (7 ul)( 3
1 -
- 1+ exp(y2t)erfe(yt?)| - BT (B ~ua)"
3 1
2—%— -1+ exp({sz‘t)erfc(at‘i))} , 1 =1,2 (12)
ﬂ2
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where
1
Ay = Rip/Dy®, 1= 1,2 (132)
K,k
by = _ii_QEI, i=1,2; j =1,2, not i (12p)
(DiDj )2

y = 4(e ~ JEIE) , B = (e + /FNE) (13¢)
bl |

e = (le+n2f)/DR + nlb/Dl + nab/D2 (134)
1 1 1 ,

f o= nlfngb/(DzDR)2 + nlbﬁef/(DlDR)z + nlbnzb/(Dng)z (13e)

The solution for the charge, Equation 12, is sufficiently com~
plicated that the qualitative results are obscured by the algebra. In
particular, the paramelbers y and P contain all of the rate parameters
. for both reaction paths, which means that one cannot single out terms
corresponding to a single path.

When the arguments of the error function complement are suffi~
ciently small, an expansion of these functions shows that when ﬁt% =
0.01, then the charge going to each reaction is proportional to the

rate for that reaction, so that

Qa Rof 1
R = ot whenever Bt? £ 0.01 (1)
2

Intuitively this means that 1f the reactions are sufficiently slow,
- then the backward reactions have no effect and the amount of current
golng to each reaction is affected only by the competition between the

two reaction paths.
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If ¥ is sufficiently small that a small argument expansgion may
1
be uged for the error function complement of %2 hut at the same time B
i1s sufficiently large that a large argument expansion may be used for

i
the error function complement of Pt2, it can be shown that the same

relationship holds for the product ratios:

K - A hY
Q?.—leg = - ii whenever  Bt2 > 5, p>> 2, B - E,° > 0.2 v.
- 1t 2f

(15)
Here the physical condition is that the reaction is quasil-reversible,
but the potential is far enough from the nearest standard potential that

the back reactions need not be considered. Of course under these condi~-

tions
1 41
on 'S D2ACR 12
Qa+Qs = — ifn, =np =1 (16)
Jx
The relation
Q1 Br
(17)

Q18 K1f+52f

alsoc holds under a wide variety of conditions excluded in Equations 14
and 15. This is readily demonstrated by calculating the values of @
and Qg directly and comparing the value of Ql/(Q1+Q2) with the calcu-
lated rate ratio, xlf/(nlf+uzf). However, it is not possible to obtain
a simple algebraic condition to insure that the relationship holds as
is the case for Equations 14 and 15,
The results of calculation of the ratios directly from the

equation suggest that if the standard rate constants do not differ by

more than a factor of about 5 and if the product (lrai)(E—Eio)ni 1s

greater than about 0.100 v., then Equation 17 should hold, However,
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for cases in which the conditions of neilther Equation 14 nor Equation 15
apply, the safest approach is to calculate the charge ratios directly

from Equation 12.
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APPENDIX III

REVERSE CURRENT CHRONOPOTENTIOMETRY :

REVERSAL AFTER THE TRANGITION TIME

Consider reverse current chronopotentiometry in a solution con-
taining bulk concentrations Clo and 020 of the species 0y and Op,; re—

spectively, with the reactlons:
01 + nze —> Rij Oz + nee — Ro (l)

Suppose that Op 1s reduced at more cathodic potentials than is 01, and
that the couple 02/R2 is sufficiently irreversible that Rz is oxidized
at more anodic potentials than is Ry. If one were to reverse the cur-
rent on the wave for Oz reduction, the expected gqualitative potential-
time behavior is as illustrated in Figure IIT-1.

This situation is easily obtainable in practice, for instance,
with many cholces for O; on mercury electrodes where Oz is H+'or Hs0
and Ber is Hs.

The solution to this problem which expresses the relationship
of the reverse time, Tg, to the forward times, 73 and ts, 1s obtained
by solving the diffusion equation for semi-infinite linear diffusion
for the concentrabion of R; as a function of x, the distance from the

electrode, and t, the time from T1, and applying the condition that (1)
ch(x:o, t=Tg) = O

In the following derivation all diffusion coefficients are assumed to

be equal and CRl (x,t) = c(x,t). Also, ny = np., The problem, then, is
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Figure III-1.
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Qualitative behavior for reverse current chronopotentio-
metry with reversal after the transition time. Case in
which the product of the second reduction is electro-
inactive at potentials where the product of the first

is reoxidized.
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simply to solve the differential equation

0 C(x,t) 02 ¢(x1t
5t " P73 ;Ezl ) (2)

subject to the initial conditilon

o -x2/WpTy 1 ( x
e¢(x,0) = C. e - —&5m ¥ erfel—g—7— (3)
4 01 n S AD o72 2

and the boundary conditions (1)

Coo,t) = 0 (ka)
0 C(x,t) i 1, 1 -1] Ta—t
Tox .o | nSE|FFR A [Fljsos st
(o)
i
nL:SAD 3 t2 =t
The Laplace transform of Equation 2 is
— 2_
0(x,0) + 5 G(x,s) = p 2-CLxe) (5)

ox=

where s 1s the transform variable. The solutioen to this equation is
obtained using the method of variation of parameters assuming a solution

i i
of the form v(x)exp(-s2x/D?). The general solution to the complete

equatidn is

% / 1 %_ Py
Tle,s) = p e KD 4 g /TP (6)
1
i 0x x 21m2  _x2/ipy
- HSJSA_D g eI’fC( __l_ ]_‘) i r e / l
op21,2 n YAD22s
'% 1 1 1 ) 1 1 2
1 — - 1 2k
2n $ADSZ DA T2 2D2T,2
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The transformed boundary conditions are

E(OOJS) =0 (Ta)

—Stg
-2 eFSt2 -2 + 2 sin™*
}x=O 2s s sx

n S AD[3C (%, 8)
1

Tl~t2
ox

T1+to

(7o)

<] E (2T1+t2+t2Xk)

1 1 n ~s5tox —%
. 5:2 £plyy 2 e_St2/2 Zl 1 k/2(1~Xk)
k:

where Xk = COS(ﬁ(EK—l)/Qn) (8)

The sum in Equation Tb arises from a quadrature approximation (2) of the
integral

+

= -5t

o dt (9)
0 £2(Tt+t)

which is a form of Smith's integral (3).

Appropriate combination of 6, Ta, and Tb gives the solution in

transform space evaluated at x = O

— ~ i 1 . -1 T1-% ~at
C(OJS)=-T—8—-§+ESln1%_}T-t_2 e h2
n SAD?sZ 1tee
n ~stp(l+xy)/2 .
1 1\ ;e stz (1+xc)/ (1-x,.)2
+ /2 22 T2 = (10)

o (2'rl+t2+t2xk)

11
i 1 2. 2
- L erfe(s2m,2) - ?—%_:—r;—

e
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The inverse transform of this expression involves the integral

to .%

-~ o

f 1————“ ) d_ (11)
0 (OH"I'J_)O&z

which is also-evaluated by quadrature approximation (). Application

of the condition C(0,tz+Ts) = O to the transformed equation gives the

final solution

m L2714 )l
_ e Y2 2ls _ 2
! -y, | lz (lxj)(Tz T
' - 2] -
i i=1 {l+ Y. + 2 ] mJ=l [gﬂ-+l+ x.]
a2 tatTs t2 J
) - (2)
. _5. . ; o1 _ll Tl—tg)
2 T1+t2
_ xj2i-1 x2j-1
where y; = cos 2(—Ef— 3 %, = cos 3 —E_—) (13)

The cholce n = m =5 gives sufficlent accuracy for calculation. No
algebraic simplification 1s gained by choosing n = m and combining the
two sums.

As to approaches infinity the two sums in the numerator of the
right hand side of Equation 12 approach each other and the denominator

approaches unity. Therefore

lim (7a/71) =1 (1k)
te =

‘This simply means that an infinite amount of Ry would be generated dur-

ing time to, a trivial limiting case.
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If t2 1s swmall, Equatior 12 can be approximated by

1 Ja}
3 (1 -v,)
2[Z2) c1al) 5 - (15)
T ni:l[%+1+yi]
3

If we let Tg/T1 = 1/3% in the right hand side of Equation 15 we can easily

caleulate the value of TS/Tl using

1
2

s oan k) o f;) (16)

From Equation 16 for n 2 2 we obtain T3/Tl = (0.333, the value predicted
by the simple theory for the case of reversal before the transition

time.
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