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On Halogen Electrochemistry in

Propylene Carbonate
Karrie Jo Hanson

Materials and Molecular Research Division, Lawrence Berkeley Laboratory,
and
Department of Chemical Engineering, University of California,

Berkeley, California 94720

ABSTRACT

Propylene carbonate is one of the more promising solvents for use in gal-
vanic cells'and in electrolysis processes involving alkali metal negatives. In this
siudy. the electrochemical behavior of halogen/halide electrodes has been
investigated. Included in this work are a study of the stability of propylene car-
bonaﬁe with respect to elemental chiorine, bromine, and iodine; an investigation
of the sol\ibility and conductivity of halogens and halide salts; and the determi-
nation of thermodynamic and kinetic characteristics of the

iodide/triiodide/iodine couple.

Uv-visible spectroscopy experiments of iodine and bromine solutions have
demonstrated that the stable form of the ha;logen in PCis the trihalide. in the
case of iodine, the equilibrium constant of the disproportionation reaction at
25°C was determined to be 0.85. Gas chromatography analysis showed that
chlorine attacks even dried, distilled PC (less than 7 ppm water), and that the
extent of the reaction increases with increasing water content of the solvent.

However, solutions of iodine in PC are stable for several months.

iidi



Conductivity experiments were performed to determine the extent of ion-
pair formation of KI and KBr in PC. In addition, the conductivity of these solu-
tions was measured as a func;tion of the concentration of the corresponding halo-
gen. Increased conductivity was noted for each solution, and a maximum was

observed for equimolar iodide and iodine concentrations. oy

Cyclic voltammograms of KI in supported (KAsFg) propylene carbonate show
two anodic peaks. To characterize the voltammograms, the following sequence
of reactions is proposed:

3/- = I3 +2e- (1)
2]y — 3L +2e- | (ii)

The validity of this mechanism was tested in an optically transparent thin
layer cell by performing simultaneous cyclic voltammetry and UV-visible spec-
troscopy at a narrow mesh gold working electrode. The sequence of formation
and disappearance of triiodide and iodine according to (i) and (ii) was confirmed

by the spectral scans repeated at 30 second intervals.

A transport model for the simulation of tl?e voltammograms was developed
which takes into account the presence of two electron transfer steps; the fact
that these steps have a complex (i.e. not 1:1) stoichiometry ; the effect of mass
transfer of the three specie;: and the kinetics of the charge transfer reactions.
The results indicate that reaction (i) is kinetically inhibited while reacf.ion (ii) is

reversible.
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NOMENCLATURE
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- Initial concentration of reduced species, R, moles /cm3

Initial concentration of oxidized species, 0, moles /cm?3

Concentration of species i, moles /1

Diffusion coefficient of species 0, cm?/sec

Diffusion coefficient of species R, crm.2/sec

Electrode potential relative to a given reference, V
Standard electrode potential, V

Switching potentials for cyclic voltammetry, V

Faraday consf.ant. 96485 C/equiv.

Current density, A/cm?2

Exchange current density at a given reference state, A/cm?2

Association constant

Rate constant for Case I, cm3/mol —sec -
Rate constant for Case ], sec™!

Rate constant for case Il, cm4/mol —~sec

Rate constant for case I, em./sec

number of electrons
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Oxidized form in standard reaction, R - O +ne-

Reduced form in standard reaction,R - O + ne~
Stoichiometric coefficients

Time, sec
Temperature, °K

Distance from the electrode surface, cm

Frequency, cm™!

Single ionic mobilities, cm?2/Q-mol

Molar conductance, cm2/1—mol

Switching time during a cyclic voltammgtry sweep, sec
Density, kg /cm?

Solvent density, kg /cm3

Symmet.x_'y factor

Activity coefficient
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DMA

DMF

DMSO

EC

FA
HMPTA
NMF
PC

THF

NONAQUEOUS SOLVENT ABBREVIATIONS

Acetonitrile
Dimethy]aqetamide
Dimethyl formamide
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Ethylene carbonate
Formamide
Hexamethylphosphotriamide
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Chabt.er 1/ Introduction

The behavior or highly electropositive .metals such as the alkali and alkaline
earth metals is an area of active reasearch for applications such as in high
energy density batteries, liquid m=tal heat transfer fluids, or light-weight alloy
materials. The electrodeposition of these metals at room temperature requires
the use of non-aiqueous solvents that are both stable under potential differences
in excess of 5 volts and capdble of dissolving metal salts to form conducting solu- '
tions. Previous work in this laboratory has established the feasibility of pro-

pylen: carbonate as an ionizing solvent which also meets the criﬁeria of stability

with r2spect to alkali metals[1]. The electrodeposition of alkali metals in this

solvent has been demonstrated[2], but the choice of a compatible anodic reac-

tion remains ar. open question. This work presents an experimental evaluation of

the feasibility cf the electrochemical evolution of the halogens, chlorine._'brom- .

ine, and iodine, in propylene carbonate.

To date incustrial applications of halogen solutions in PC have been few. In
1980, a U.S..patént was issued to Tataria and Schneider[3] for an electfochémic_al
cell which utilized a PC-tased electrolyte to detéct small quantities of chlorine.
In 1974, Weineg ir and Secor» publiéhed the result; of their study of a nonaqhe_ous
lithium-bromine secondary galvanic cell[4]. An ultra-fine polyef.hylerie separa-
tor was used to contain the halogen within the negative electrode compartment.
The electrolyte was lithium perchiorate and lithium bromide in PC. Tested in
continuous nincty minute cycles, the cell performed for 1785 cycles, a surpris-
ingly good result for the first test cell. No problems with solvent stability were
noted in either of these cases. .

Of principal interest in this evaluation are solvent stability, the solubility

and conductivity of halide salts in PC, and the characteristics of the electro-

chemical reaction. An investigation was undertaken to determine the limits of



gas chromatography and FTIR spectroscopy to detect water and other impuri-
tites. The stability of the solvent in the presence of chlorine, bromine, and
iodine was investigated using gas chromatography and UV-visible spectroscopy.
To establish the characteristics of the electrochemical reaction of the halidés in
PC, iodide and iodine solutions were studied using cyclic voltammetry. The
results of these experiments were analysed with the aid of a mathernatical model
that was developed in collaboratidn with M. Matlosz to simulate the voltammo-
grams based on a proposed reaction mechanism. Spectral electrochemical

experiments were conducted to independently verify this reaction mechanism.
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Chapter 11/ Characterization of Propylene Carbonate

2.1. INTRODUCTION

Much has been written about the puriﬁcation and characterization. of pro-
pylene carbonate. The literat._ure is not in complete agreement on certain points.
The solvent has been described as "not hygroscopic to any great extent"[1], [2]

yet it has been recommended as a drying agent for natural gas[3] and CO,[4]. We
| noticed that dry PC will absorb water from the atmosphere so quickly that even
brief exposure aflects the precision of most electrochemical experiments. This
observation is in accord with the bulk of the electrochemistry literature [5] [6].
Rigorous exclusion of water is necessary because impurities having labile pro-
tons, such as water, are extremely active in PC and often play alarge role in elec-
trochemical processes. For example, Jansta et al. report that current- potential
curves for potassium deposition are smooth only in highly dried electrolyte.
Water present in tens of ppm was sufficient to slow and eventually stop the depo-
sition process[7]. These results were confirmed by Law[8]. Trace water can
strongly influence the determination of properties of dilute electrolyte solutions.
A solution of 10 ppm water, about 8 X 10™* M, is enough to bind 10% of the cations

in a 8 mM alkali metal solution[9].

In this chapter the techniques we used to purify and characterize propylene
carbonate are presented and discussed. In addition, the use of Fourier
transform infrared spectroscopy to detect water in propylene carbonate is
evaluated. The results of a preliminary IR investigation to monitor the water

content in salt solutions in PC are also presented?.

! The Fourier transform spectrometer was generously loaned to us for use in ofl-peak hours oy
Dr. Herb Streuss of the Department of Chemistry. This investigation was therefore intended only o
test the feasibility of the technique.

;l
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2.2. Analysis of Propylene Carbonate

Gas chromatography was the primary technique used to evaluate the sol-
vent. Two types of detectors were used: flame ionization (FID) to detect organic
impurities and thermal conductivity (TC) to detect water. The details of the
instrumeﬁt. the column and the injection procedure are described in section

3.2.1.

2.3. Purification of Propylene Carbonate

The purification procedures followed in this work were based upon work by

- Jasinski and Kirkland[10] and the subsequent extension by Law[11]. The starting

material was either purified (Burdick and Jackson) or commercial grade
(Jeflerson Chemical) PC. The method consists of three steps: (i) pretreatment
with dried molecular sieves and alumina, (ii) stripping the low boiling impurities
by bubbling dry helium through t.he solvent overnight, and (iii) vacuum distilla-

tion. This pufiﬁcation scheme is described in detail in Appendix L.

Two changes from the process used by Law were made. First, because the
heat of adsorption of water onto molecular sieves is large, the solvent becomes
very hot when it is poured into a fixed bed of sieves. Therefore, to avoid decom-
position at this step the solvent is chilled first to 0 °C before pretreatment. In
addition, about 400 cc of sieves are added to the PC befor.e it is poured through
the sieve bed. In this way most of the heat of adsorption is dissipated into the

solvent.

Secondly, our studies of water removal by molecular sieves indicate that the
process is relatively slow. The effectiveness of water removal was evaluated by
duplicating the pretreatment steps in the glovebox and analyzing the water con-
tent at each stage. Figure 2.3.1 demonstrates the effect of retention time and
solution terriperature on the performance of the molecular sieves. The water

level of "as received” (Burdick and Jackson) solvent was reduced from 80 ppm to



Effect of Temperature and Retention
Time on Molecular Sieve Performance

+ i

As Received =~ Room Temp - Cold (8°C) Cold " Cold
Propylene Carbonate  Fast Pass 32 min 23 min 12 hr
80 ppm 50 _ppm 40 ppm 15ppm .7 ppm
XBL 8410-10905

Figure 2.3.1 Effect of temperature and retention time on molecular sieve

performance. The GC-TC water peak is shown. The water df "as received"

PC is reduced from 80 to 50 ppm by a single pass through a bed of sieves. ¥
The water level in chilled (18°C) PC is reduced to 7 ppm after 12 hours.
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40 ppm by immersing about 20 ml of dry sieves in about 100 ml of cold PC (8°C)
for four minutes. The water content was further reduced to 7 ppm after 12 hours.
As a result of these experiments, the retention time of the PC over the sieves was
increased to two hours. PC pﬁriﬁed in this way cox_'xtained less than 5 ppm water
and undetectable levels_ of glycols (less than 20 ppm) and formaldehyde (less

than 1 ppm) as measured by GC. .

2.4. Infrared Spectroscopy

Detection of impurities in propylene carbonate by the use of gas chromatog-
raphy only has inherent limitations. First, the experiments are not easily repro-
duced. This is partially due to the ease with which PC will absorb atmospheric
humidity. Inconsistent sample injection techniques and the decomposition of PC
in the GC column at temperatures greatef than 150 °C also contribute to this
problem. (These difficulties are described in detail in section 3.2.) In addition,
the water contén_t of salt solutions cannot be analyzed by GC because the salt
apparently catalyzes the breakdown of PC in the injection port. Thus alternative
methods were sought which would operate at or near room temperature. One

such alternative is infrared spectroscopy.

Infrared spectroscopy is a technique to measure the vibrational modes of a
molecule. Water and PC have sufficiently different vibrational spectra to distin-
guish between the two molecules. Water is.an asymmetric molecule with three
vibrational modes wh.i‘ch are active in the IR region. In the gas phase, the sym-
metric stretch v,, the symmetric bend v,, and the asymmetric stretch vgare
seen at 3657, 1595, and 3756 cm ™!, respectively[iZ]. In PC the carbonyl absorp-
tion in the IR is very strong and obscures the fundamental water absorption, v,
at 3835 cm ~! for small concentrations of water. However, the v, + v3 combina-
tion band at 5250 cm ~! in PC (5275 cm ™! in the gas phase) can be observed with
little interference from PC. Conrad[13] has shown that the frequencies and

bandwidths of the combination band correlate without exception to the those of



the fundamental vy band in several solvents. The absorption Vof water in solvents
is shifted to lower frequencies than in the gas phase. This shift can be correlated
with the degree of interaction between the solvent .and water, as shown in Figure
2.4.1. On the far right, the small frequency shift observed for water in carbon
tetrachloride (~30 cm ~! from water in the gas phase) indicates that water is only v
very weakly coordinated to the solvent. On the other hand, water is strongly
bound to tetrahydrofuran (a shift of 195 cm™!). Water in propylene carbonate
shows intermediate behavior. Cogley et al.[14] have reported that, based on IR
and NMR studies, the interaction of water in PC is best described by a continuum
model in which water molecules form hydrogen bonds to PC solvent rnolécules.
Water retains a Cay symmetry. In PC, the self-association of water is reported as

limited to two distinct solvated species: a monomer and a dimer.

IR has been used as an analytical tool to detect water in a variety of organic
and inorganic solvents[15], [16]. A preliminary test of the method in PC solu-
tions by Jasinski and Carroll[l?]vhas shown detection of less than 100 ppm water
in salt solutions in PC. However, the addition of lithium perchlorate to the solu-
' tion complicated the analysis. With increasing concentrations of the sait (equal

water concentration), a shift in the peak maximum and a decrease in the inten-

sity from pure solvent.va.lues was observed. The authors conclude that, in these

solutivons. water exists as hydrated lithium ions. In addition, the extinction

coefficient decreases with increasing LiCl10, concentration, even though at these

concentrations (0.5 to 1.0 M), there is a large excess of lithium ions over water

molecules. This preliminary work showed promise axﬁd it was hoped that the use n
of a Fourier transform spectrometer, such as the one available for this study,

would improve the sensitivity to the water signal to equal or exceed the results

obtained by GC.
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Figure 2.4.1 Correlation between the U+ U; combination band frequency
(in wavenumbers) of water and its Vi frequency as a function of solvent.

Taken from M. Conrad [13] with permission.
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2.4.1. Experimental

Because the water stretching region in PC occurs near solvent bands, it was
necessary to oblain an accurate spectrum of dry solvent as a reference for sub- A
traction. In this study, the reference sample was dried, distilled PC, as described |
in section 2.3. Occasionally a small amount of potassium was added to the cell to

make sure that the sample remained dry while the spectrum was taken.

Water in the low ppm range can only be observed with an instrument with
extremely high ratio of signal to noise. We 2 used a Nicolet model 8000 vacuum
Fourier transform infrared (FTIR) spectrometer with the entire optical path
length except a small tub (about two liter capacity) evacuated to less than 1 mm.
The tub, which contained the sample, was purged_with. house nitrogen passing
through a 4-ft drying tube filled with calcium sulfate. The cell (-H‘arrick liquid
- cell) used 2-mm teflon spacers between 1" diameter windows, and was sealed with
Viton o-rings and teflon plu'gs. The cell windows were CaF; because KBr windows
were too hygroscopic. All spectra were run at a nominal 2-cm ™! resolution;

several thousand scans were obtained in two hours.

2.4.2. Results

Water in Propylene Carbonate

Figure 2.4.2. illustrates the difference between a sarnp,le.of wet (1.3 Z) and
dried, distilled PC. The water peak appears v-ery cleariy at 5250 cm -1, The
difference spectrum (Figure 2.4.2B) shows a relatively narrow peak for water.
However, detection is more difficult at lower water concentrations. The IR spec-
trum of a solution containing 80 ppm water cbmpared to dried, distilled solvent

L/
is given in Figure 2.4.3. The water absorption appears as a shoulder to the PC

2 All experiments were done with Morgan Conrad, a graduate student of Dr. H. Strauss, using
their group's instrument.
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Figure 2.4.2 FTIR spectra of water in PC. (A) Upper curve: 1.3% water
in PC. Lower curve: dried, distilled PC. (B) Difference spectrum.
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(B) Difference spectrum.
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band at 5380 cm 7}, and the peak seen in the difference spectrum (Figure 2.4.3 B)
is much smaller. From several trials at lower concentrations, it appears that
about 10 ppm is the limit of detection for water. Although this is better than that
reported by Jasinski (100 ppm), it is approximately the same sensitivity as can

be obtained by GC analysis.

Detection of Water in the Presence of Electrolytic Salts

Additional preliminary FTIR experiments were carried out with solutions of
KOH and KBr. Concentration measurements of water in salt solutions are of
interest because the salt interferes with GC analysis. The results outlined here
are intended.only to demonstrate the type of information that can be obtained.
KOH was studied to evaluaté the use of metallic potassium as a drying agent.
Potassium reacts with trace water in the solvent to produce KOH which remains
in the bottoms when PC is distilled. It was decided to try to use FTIR to monitor
the water removal and see if evidence of KOH could be found. To approximate
this procedure, a Small lump of potassium was scraped under a helium atmo-
sphere and placed in 2 ml of PC eontaining about 25 - 30 ppm water. The
difference spectrum (untreated PC subtracted from PC dried with potassium) is
showﬁ in Figure 2.4.4. Diflerences are small, however several small peaks are '
seen. The spectfurﬁ shows evidence of an undifferentiated band at ~435% cm !
(peak A) and a negative peak at 4150 cm ~! (peak B). No change in the water peak

is observed at 5250 cm ~! to indicate a change in the water concentration.

To interpret this spectrum, a solution of KOH in PC was analyzed. The
diflerence spectrum (PC/KOHK solution minus PC) is given in Figure 2.4.5. Three
peak are observed at 5006 cm ~!, 4781 cm ~!, and 4400 cm ~1. Tentatively the
peaks are assigned to the free OH stretch (5006 cm ~!), and OH ~ coordinated to
PC (~4400 cm ~!). The small peak at 4781 cm ~! is not assigned. From these

results the difference spectrum of PC dried with potassium indicates that the PC

| carbonyl peak at ~4400 cm ~! is slightly shifted, possibly as a result of the OH~
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Figure 2.4.5 FTIR difference spectrum of 0.2 M KOH in PC minus pure PC.
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coordination of PC. No peaks appear at 5006 cm ~! (from free hydroxide) or at
5250 crn ~! (from the disappearance of water). Thus, these early results seem to
indicate that little water is removed. Several explanations are possible. Either
an undetectable amount of water was removed, or the potassium is quickly
covered with a protective oxide and thus ceases to be effective, or potassium
reacts with PC instead of water. Clearly, further study is needed to elucidate thié

process.

The effect of KBr on the IR spectrum of PC solutions was also examined. The
eflects of a saturated solution (6 x 1073 M ) were small. The only change we
observed was a shift of about 30 cm ! for the Ap.y of water at 5250 cm 1. This
change is approximately the same magnitude as that observed by Jasinski for

perchlorate solutions in PC.

2.5. CONCLUSIONS

FTIR spectroscopy has been evalﬁated as an analytical technique to detect
water at levels below 100 ppm in PC. We ﬂnd that the limit of detection is about
10 ppm. Water content can also be monitored in salt solutions. However. the
peaks are somewhat attenuated and shifted by about 30 wavenumbers. The prel-
iminary results are encouraging. But to obtain reliable data for salt solutions,
careful calibration would be.required. Because few other methods are available

for this type of measurement, this technique merits further study.
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Chapter III /7 Stability of Propylene Carbonate

in the Presence of Halogens

3.1. INTRODUCTION

Propylene carbonate must be stable in the presence of halogens for
halide/halogen electrodes to be considered viable candidates for large scale
electrochemical applications. In this chapter, we address the question of the’

durability of the solvent in the presence of chlorine, bromine, and iodine.

Two different experimental techniques were used in this work. Because

iodine and bromine solutions in PC are highly colored, UV-Visible spectroscopy

can be used to determine the concentration of these species. The advantage of
this technique is that measurements can be carfied out at room iemperature.
thereby avoiding the decomposition of PC. Soluvtions of chlorine in PC were
analyzed by gas chromatography. This technique is more problematic because it
is sometimes difficult to distinguish decomposition products in the solution from
those resuiting from solvent breakdown in the GC column, or from trace water

introduced during sample injeétior;.

From the the UV-Visible.experiments, we found.that iodine dispropor-
tionates in PC to form triiodide and probably a positively charged iodine species.
Similar behavior was noted in bromine solutions. Conductivity experiments
confirmed the formation of charged species. This type of reaction has been
reported in pyridine, but has not been reported in PC. Although halogen dispro-
portionation in PC and solvent stability may be completely separate phenomena,

it is more likely that they are related. Both subjects are covered in this chapter.

3.2. CHLORINE

From the point of view of the economics of alkali metal deposition, the evo-

lution of chlorine would be the anodic reaction of choice. It has been
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demonstrated that the salt, KAICl,, is soluble in PC in excess of one molar, and

that it can be easily syntheéized by fusing KCl and AlCl4 at about 500°C[1]. But

from the point of view of feasibility, chlorine is the strongest oxidizing agent of -
the three halogens we have considered and is the most likely to attack PC. In

this section, the results of experiments designed to test the compatibility of PC

with chlorine are presented. In particular, we have tried to evaluate the

influence of impurities in PC on the deéomposition reactions in the presence of

chlorine.

To date, only ohe study has addressed the question of the compatibility of PC
and chlorine. In 1979, Yu, Ross, and Tobias pﬁblished a short report which |
demonstrated extensive degradation of PC in the presence of chlorine [2].
Chlorine was found to degrade even the most carefully purified propylene car-
bonale. In experiments in which chlorine was bubbled at a rate of about 1 ml per
 minute through approxirnafely 15 ml of PC, color changes were observed and
rapid degradation was detected by GC analysis. After 30 seconds of bubbling, the
propylene glycol and propylene oxide levels rose from 5 ppm to about 200 ppm.
After two hours, these levels were measured in excess of 1 X 10* ppm. In experi-
ments in which E.hlorine was electrochemically generated from a potassium
chloro-aluminate solution in PC, degradation was again observed in the anolyte
chamber. At a current density of 80 uA/cem? (one cm? electrode area), the
amounts of propylene glycol and propylene oxide reached the same level found in
the chlorine bubbling experiments after two hours. In addition, it was reporied
that water plays an important role in the degradaiion process. Addition of as lit- ~
tle as 10 ppm water caused the extent of degradation to increase as much as ten-
fold. Unfortunately, Yu did not dry the chlorine gas (from standard cylinders)

used in his experiments. Wet chlorine could drastically influence the results.

The discovery that even small amounts of water can apparently enhance the

breakdown of PC in the presence of chlorine cast doubt on "inherent” instability
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of PC. If water levels could be reduced to belo’vyv 1 ppm (say), could the breakdown
of PC be avoided? In this section, the study by Yu is extended to try to answer

this question as well as to try to elucidate the mechanism of degration.

3.2.1. Experimental

Exposure Vessel and Pressure /Vacuum Manifold

The general approach to this study was to exposed well-characterized PC to
elemental chlorine and water in varying combinations. The PC was character-
ized before and after exposure by gas chromatography to determine the degra-

dation products and to monitor the extent of degradation.

The equipment designed for this experiment is shown in Figufe 3.2.1. Five
ml of PC containing a known amount of water is transfer‘red to this vessel inéide
the glovebox under a helium atmosphere. The vessel is connected to the
pressure/vacuum manifold (which is already under helium) and evacuated to
100 um Hg. Chlorine (Matheson, Research Grade, 99.97%) is added using a mer-
cury manometer to monitor the pressure!. Before contacting the PC, the
chlorine is péssed through two cold traps containing a methanol/ice mixture
(=10°C) and a filter containi}xg anhydrous magnesium sulfate. This system was
designed to remove water from the chlorine before it contacted the PC. The PC ié
agitated vigorously by a stirring bar for the duration of the exposure. At the end
of the run, sampvles were taken through a rubber septum with a microsyringe for
GC analysis. Chlorine was purged then from the system by bubbling helium
throughout the manifold and the exposure vessel. The helium was finally bub-
bled through a concentrated (6 N ) hydroxide solution to strip the chlorine.
before the apparatus was disassembled. This procedure was repeated for various

combinations of exposure time, chlorine pressure, and water content of PC.

1 Athin 8m of mercuric chioride was formed at the mercury interface in the manometer. This
flm did not hinder the measurement. :
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Gas Chromatography

The PC was analyzed with a Varian model 3700 gas chromatograph equipped

with both a thermal conductivity (TC) detector for water analysis and a flame ion-

‘ization (FID) detector for organics. The column packing material was "Poropak

Q" (Waters Scientific, 100 mesh) contained in 1/4 in 0D, 24 in stainless steel

‘columns. Because the decomposition products had differing sensitivities to the

GC packing and appeared in varying amounts, the temperature of the column
was prograrnmed in a systematic fashion for each sample injection. Under this
regime, PC appeared after about 70 minutes so eac? run lasted about 2 hours. In
addition, each run was recorded simultaneously at three different GC sensitivi-
ties using a three-pen récorder. Table 3.2.1 lists the operating conditions used

for the GC for this series of experiments.



Table 3.2.1 Gas Chromatograph Operating Conditions

'TC Conditions

FID Conditions

2ul

Injection Size 2ul

Injector Temp. 130°C 130°C

Column Temp. 100°C T, = 100°C (30 min)

- AT =5°C/min

T,=160°C

Detector Temp. 200°C 200°C

Attenuation 1 1

Detector Current | 205-207 mA4

Filament Temp. 270°C

Helium Flow 60 ml/min 120 ml/min

Air Flow 300 ml/min

Hydrogeanlo.w - 60 rrn.l/vmin

Range 10-12 0.05

24
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The reaction products were identified by comparing the unknown GC trace
to GC traces of known compounds dissolved in pure PC. This process was guided
by the results of GC analysis of PC reported by Jasinski and Kirkland [3]. The
results we obtained are in égreement with this work. A calibration curve was
established for each of the major impurities, including formaldehyde, propylene
oxide, acetone, allyl alcohol, and the propylene glycols (1,2 and 1,3). This was
done using the same temperature programming schedule used for the sample
analysis. The analysis of PC by gas chromatography is complicated by the fact
that PC will decompose in the column near the temperature required to elute
high-boiling components from the column. Although precautions were taken to
assure reproducibility, the results often varied by as much as 257%. TQ obtain
reliable data, the calibration curves were often repeated and several sample

injections were made for orie measurement?.

The Varian GC showed a large variation in sensitivity for different com-
ponents. Formaldehyde, acetone and allyl alcohol can easily be detected below
10 ppm at the most sensitive setting of the GC and recorder (1 mV full scale). To
detect 1,2 and 1,3 propylene glycol, the chart recorder was set to 50 mV full
scale. At this setting, the detection limit for these compounds is about 50 ppm.

These curves were recorded simultaneously using a multiple pen chart recorder.

The water content of the PC was analyzed using the thermal conductivity
detector. This is a difficult analysis because sufficient water can be absorbed by
PC form the air during injection to give spurious results. For this reason our

reported water contents are probably slightly high.

Gas Chromatography' with Mass Spectroscopy Detection

We were not able to identify all components in the samples of reacted PC. To

obtain a better understanding of the identity of the reaction products, some

2 Reproducibility could be greatly enhanced if a sample Joop were to be instalied in the glovebox.
[n this way semples could be directly injecied into the GC without handling them in air.
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samples were evaluated by the Mass Spectroscopy Laboratory of the Department
of Chemistry using a Finnegan Model 400 GC equipped with a mass spectropho-
tometer3. This approach proved to be helpful for components present in large
amounts (greater than at least 100 ppm) bui we found that in general this instru-
ment was about one hundred times less sensitive than the Varian 3700. Also, ¥
because the instrument is used for many diflerent types of analysis, it was |

extremely difficult to obtain reproducible results.

Solubility of Chlorine in PC
The solubility of chlorine in PC was estimated by analyzing a sample of PC

exposed to 155 mm Hg chlorine for 60 hours. Total chlorine was determined to be

0.5 weight percent. These experiments were performed at 25 °C.

3.2.2. Results

PC Analysis

Different batches of PC containing varying amounts of water were evaluated
in these experiments. Preliminary runs £o test the equipment and provide
"worst case” results were do-ne with PC containing approximately 800 ppm water.
The final runs, designed to test the driest PC, were performed with the solvent
containing less than 10 ppm water. (In this range, water is undetectable by GC -
analysis.) Figure 3.2.2A shows the chromatogram of PC containing less than 7
ppm water. A small peak for acetone and propyiene oxide/propionaldehyde "
appears (lesé than 3 ppm), but in general the trace is featureless until the PC
emerges. The step al 35 minulesis a baseline shift causéd by the temperature

program.

3 A DB-5 cepillary column (32 mm ID x 50 m) was used for these measurements. The tempera-
ture program was 30°C for 10 minutes, then5°C/min 10 240°C.
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Feaction Products

Figure 3.2.2B shows an example of the complete chromatogram for a sample
of wet (140 ppm) PC exposed to approximately 50 mm Hg chlorine for 1 hour. The

temperature of the column was programmed as described above, and all of the

- major product peaks can be seen. A'summary of the reaction products detected .

and their retention times is given in Table 3.2.2. Peak 5 is marked "propylene
okide/pfopionaldehyde" because these two components are not separated in the
column. The peaks having retention times of 1.1 minutes, 2.4 minutes, 5.7
minutes, and 40.5 minutes remain unidentified because known compounds hav-

ing the same retention time were not found.
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Time (minutes)

 XBL 849-10821

Figure 3.2.2 (A) GC-FID chromatogram of pure PC containing less than 7 ppm
water. (B) GC-FID chromatogram of wet (140 ppm) PC exposed to 50 mm Hg
chlorine for 12 hours. Three recorder semsitivities, 1, 20, and 200 mV

full scale, are shown. Numbers at each peak correspond to components listed
in Table 3.2.2.
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Table 3.2.2 Product Retention Times

Component Retention Time
(minutes)

1) 1.1

2) 2.4
3) Formaldehyde 3.6
4) 5.7

5) Propylene Oxide/ 12.7

Proprionaldehyde

8) Acetlone 18.2
7) Allyl Alcohol 37.5
8) 40.5

9) 1,2 Propylene Glycol 52.4
10) 1,3 Propylene Glycol 58.4

29



Summary of Experiments

A summary of the relevant experiments is given in Table 3.2.3. The results
are characterized in terms of the product concentrations of formaldehyde, pro-
pylene oxide, acetone, allyl alcohol, propylene diol, and propylene oxide as a

function of the amount of water in the PC and the exposure of chlorine. All

experiments were carried out at room temperature.

Table 3.2.3 Summary of Experiments: Reaction Products

Experimental Conditions

Glycol

Water (ppmg : 33 33 33 133 7
Clp (mm Hg 0 50 150 50 155

Time (Hours) 0 1 1 11 60
COMPOUND (ppm)

Formaldehyde <1 23 42 45 70
Propylehe Oxide/ | <1 7 22 17 10
Proprionaldehyde

Acetone | <1 <1 | 20 15 15
Allyl Alcohol <1 | <50 500 | 200 | 2000
1, 2 Propylene <1 | <50 | 5x10°% 108 | 10¢
Glycol
1, 3 Propylene <1 <50 5x10% | 108 104
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Effect of Chlorine Exposure Pressure

The cbncentration of decoxﬁposition prodgcts increases as the pressure of
chlorine in the éxposure vessel is increased. Figure 3.2.3 illustrates the efTfect of
chlorine pressure on the chromatogram of wet (800 ppm) PC for an exposure
time of one hour. As the chlorine partial pressufe is increased from zero to 143

mm Hg, the concentration of the major impurities shows a threefold increase.

The concentration of products depends upon the amount of water in the PC.
Figure 3.2.4 illustrates the same series for PC containing 33 ppm water. In this
case, the chromatogram for PC exposed to 50 mm Hg chlorine for one hour (C)
shows iittle change from unexposed PC (A). However, if the pressure is raised to
150 mm Hg (also for one hour), an increase in the amount of all impurities is
seen (B). In particular, the concentration of the diol compounds rises from an

undetectable level (less than 30 ppm ) to over 300 ppm.

| Effect of Chlorine Eh;posure.ﬁme

Changing the amount of time that the PC sample is exposed to a chlorine
atmosphere has qualitatively the same effect as increasing the chlorine pres-
sure. Again, the amount of water in the sample is important. Figure 3.2.5 illus-
trates the difference in the g-'as chromatogram for exposure times of 1 and 12
hours. The PC sample in this case contained 33 ppm water and the chlorin.e pres-

sure was 50 mm Hg. Unfortunately, the glycol concentration for these runs was

not carefully monitored.

Several runs were made at a chlorine pressure of 50 mm Hg and monitored
by GC-MS. The duraticn of these runs varied from one hour to eight days and the
water content of the PC was 15-20 ppm. No impurities except CO, were detected
by GC-MS. This is a reflection of the lack of sensitivity of the instrument; unfor-

tunately the samples were not also evaluated by the GC-FID.
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Figure 3.2.3 Effect of chlorine on wet PC. All PC.samples contained -
800 ppm water. ’
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Figure 3.2.4 Effect of chlorine pressure on PC containing trace water.

All samples contained 33 ppm water. (A) VUnexposed PC. (B) Chlorine
pressure: 150 mm Hg, one hour exposure. (C) Chlorine pressure: 50 mm Hg,
,one hour exposure time.
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Figure 3.2.5 Effect of chlorine exposure time. Both éamples were exposed to
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to 35, 15, and 30, respectively. ’ ) an one ppm



35

Long Time Chlorine Exposure to Anhydrous PC

To try to exclude the possibility of PC decomposition by catalysis of water,
an.experimént was designed to expose the driest PC to 155 mm Hg chlorine for
several days. A five ml sample of PC containing less than 7 ppm water was
exposed to a chiorine atmosphere at 150 mm Hg pressure for 60 hours. The GC-
FID trace of this run is given in in Figure 3.2.6. Again, acetone and proprional-
dehyde peaks are seen (10-15 ppm). Also formaldehyde (70 ppm) and the pro-

pylene glycols (about 500 -1000 ppm) are found.

The GC-MS trace for this run is given in Figure 3.2.7. Except PC, the two
major peaks were CO, and HC! (peaks A and B, réspectively). These compounds
were both present in excess of one percent, as estimated by the operator[4]. The
glycol peaks, (marked "E") rhergé together with the PC peak (F) and cannot be
identified with the méss spectrometer. There is some evidence to indicaie that
the peﬁks after PC are chlorinated. The peak marked "I" shows fragments which
correspond to —=CHCl and give the correct isotope ratio for chlorine. Because
the peaks are very shafp, itis unlikely that the reaction of PC occurs in the
column. Water, propene, propyne, acetone, propylene oxide, and formaldehyde

were not detected.

3.2.3. Summary

Chlorine appears to react with PC even if the water level in the PC is lower
than 7 ppm. The reaction is accelerated by the presence of water in the solvent.
The reaction produces several decomposition products including 1,2 and 1,3 pro-
pylene gycol, formaldehyde, acetone, propylene oxide, and CO,. The degree of

degradation is increased with increasing chlorine concentration in the PC.
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3.3. BROMINE AND IODINE

The experimental program to determine the stability of PCin the presence
of bromine and iodiné employed UV-Visible absorption measurements designed
to directly follow the halogen concentration in PC as a function of time. If a reac-
tion with PC occurs, we expect to see a decline in the halogen concentration. The
result of this series of experiments was the discovery that iodine and bromine

disproportionate in PC. The reaction was investigated in detail for iodine.

3.3.1. Experimental

Experiments were performed with a Perkin-Elmer Model 555 UV-Vis double
beam spectrophotometer. Samples were thermostated at 25°C. The instrument
was calibrated by comparing the measured benzene spectrum to literature

values[5].

Early runs wére carried out using PC supplied by Burdick and Jackson (50 to
75 ppm water). These results were checked by repeating experiments using PC
distilled in-house (less than 10 ppm water). Bromine (Mallinckrodt, Analytical
Reagent Grade) was redistilled under dry nitrogen before use. lodine (M_allinck-
rodt, Analytiéal Reagerit Grade) was resublirﬁed in a helium atmosphere. Absoré-
tion spectra measurements were carried out in "Quarasil” cuvettes (NSG Preci-

sion cells, 0.1 and 1.0 cm).

3.3.2. Bromine and Iodine Spectra in PC

Pure Halogen in PC

Figure 3.3.1 shows the spectrum of bromine in PC at several concentrations.
These spectra were taken immediately after mixing. At high concentrations

(greater than 0.02 F), the bromine peak at 386 nm is evident. At lower
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Figure 3.3.1 Spectra of bromine in PC at several bromine concentrations. ]
At high concentration, the bromine peak at 386 nm can be seen. At low concntration
only the tribromide peak at 271 nm is visible.
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concentrations only the absorption at 271 nm due to tribromide is visible. The
same behavior is observed with iodine solutions in PC. The spectrum of a solu-
tion of iodine (9 x 107 F ) in PCis given in Figure 3.3.2. Peaks corresponding to
triiodide (at 291 and 363 nm) are observed, as well as the characteristic absorp-
tion of iodine at 462 nm. These peak assignments are consistent with published
spectra of bromine and iodine in several solvents[6]. The changes in the absorp-
tion spectrum of iodine in PC with time is shown in Figure 3.3.3. In two days,
peaks due to triiodide increase in size and the iodine absorption diminishes.
Bromine solutions show analogous behavior. Both bromine and iodine solutions

obey Beer's Law at the wavelengths we examined.

Trihalides

Addition of excess LiBr to bromine solutions in PC* or excess Kl to iodine
solutions shifts the halogen species to the trihalide form. This is illustrated in
~ Figure 3.3.4 for bromine. The addition of bromine to a 0.88 M solution of LiBr
_ increases the concentration of tribromide. The same eflect is observed for
iodine solutions. These spectra were used to determine the trihalide extinction
coeflicients at the Ap,, for the halogen. In this way the inﬁﬁdud contribution of

the halide or halogen could be determined.

Effect of Water

The deliberate addition of water to solutions of iodine in PC does not change
the appearance of the spectra. Figure 3.3.5 shows a comparison of the spectra of
a solution of 1.03 x 1073 F iodine in pure PC and 95% PC/5% water. These spectra
are indistinguishable. However, the addition of PC to a solution of iodine and

water does change the spectrum to reflect an increase in triiodide

4 LiBr was used instead of KBr because it is far more soluble in PC. (Solubilities: LiBr: 2.43 m;
KBr: 6x1073m [7])
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Figure 3.3.2 UV-Visible absorption spectrum of iodine (9 x 10-4 F)
in PC. Temperature: 25°C.
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Figure 3.3.3 Change in absorgzion spectrum of iodine in PC with time.
Iodine concentration: 9 x 10 ' F. Temperature: 25°C.
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Figure 3.3.4 Addition of bromine to bromide solutions (LiBr concentration:
0.88 F) increases the concentration of tribromide. Temperature: 25°C.



44

Absorbance
w

300 . 400 .500 600

Wavelength (nm)

XBL 849-10820

Figure 3;3.5 Spectra of iodine (1.03 x 10“3 F) in pure PC (A) and in
95% PC/5% water (B). The spectra are indistinguishable. Temperature: 25°C.
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concentration. Figure 3.3.6A shows the spectrum of a solution of 7.6 >< 107¢F
iodine in water (as mixed). Using extinction coefficients reported by Autrey[8],
the aqueous solution shows a concentration of 7.45 x 107* M iodine and

4.5x 1078 M triiodide, or 2% of the original iodine appears as triiodide. The addi-
tion of 5% PC (Figure 3.3.6 B) shows a shift from the iodine to the triiodide form.
(Note that the initial concentration of iodine is slightly higher.) Assuming the
extinction coeflicients do not change, 5% of the original iodine has reacted. To
gain conﬁdence. in these measurements, t,hé’se experiments were repéated with

PC distilied in-house. The observed behavior was the same.

The spectra of solutions of bromine in PC are more sensitive to tﬁe water
content of PC thén iodine solutions. Figure 3.3.7 shows a set of four spectra for
0.038 M bromine solutions in (i) pure Pc; (ii) PC + 8% water, (iii) pure water, and
(iv) water + 8% PC. Comparison of the first two curves shows that the addition of
water to PC/bromiﬁe solutions shifts the bromine to the tribromide form..
Because the extinction coefficient of tribromide is higher than that of bromine at
462 nm (A, for bromine), the bromine absorption appears as a large shoulder.
The high stability of tribromide in PC is demonstrated by the addition of 6% PC to
an aqueous solution of brbmine (curves C and D). Anincrease in the tribromide

peak is clearly observed®, -

The reason for the higher sensitivity of bromine solutions to the water con-
tent of PC, in comparison to iodine solutions, is the higher reactivity of bromine
with water. Equilibrium constants for HOX formation in water are 7.2 x 10~% and

2.0 x 10-13 for bromine and iodine respectively[9].

5 The bromine pesak also appears 1o increase because tribromide absorbs at 462 nm.
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Figure 3.3.§. Spectra of iodine (7.6 x 10-4 F) in pure water (A), and in
95% water/5% PC (B). Addition of PC increases the triiodide concentration.
Temperature: 25°C.
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Figure 3.3.7 Spectra of bromine (0.038 F) in pure PC (B), 94% PC/6Z water
(A), pure water (D), and 94% water/6% PC ©.
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3.3.3. Disproportionation Reaction

Extinction Coefficient Determinations

Extinction coefficients for triiodide in PC at 292, 363 and 462 nm were deter-
mined from absorption measurements of solutions of iodine and excess Kl in PC.
Extinction coefficients at 25 °C are reported here; values of the extinction
coefficients of iodine and triiodide in PC for 10 to 45 °C, and values of AG, AS and
AHA for the disproportionation reaction were measured by Johnson and are avail-
able elsewhere[10]. Because triiodide absorbs at the A,y for iodine (462 nm),
the extinction coefficient of iodine at that wavelength is determined indirectly.
The same disproportionation reaction of iodine in PC can be written as,

I~ Ig + I - (A)
Thus the formation of one mole of triiodide consumes two moles of iodine. The
concentration of iodine in solution is calculated by subtracting twice the value of
the concentration of triiodide from the formal concentration of iodine. Values of

the extinction coeflicients of triiodide and iodine are listed in Table 8.7.1.

Mass Balance for Disproportionation Reaction

If reaction (A) represents the oniy pathﬁay for iodine consumption; the con-
centration of iodine in solut{on is related only to the concentration of triiodide in
solution. Thus, '

| ] =) - 2[i5] (B)
For a completed reaction, the ratio of triiodide to initial iodine concentration,
(151/[12);. is 0.5; Figure 3.3.8 gives a plot of this ratio as a function of time for
several solution temperatures. Baﬁed on this arguement, at 45 °C the concentra-
tion of triiodide is larger than expected after about 200 hours, as the value of the

ratio increases to 0.57. After this point, the triiodide concentration slowly

declines.
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Figure 3.3.8 Kinetics of iodine disproportionation reaction as a function of
temperature. The ratio of triiodide concentration to initial iodine concentration

approaches 0.5 for a completed reaction. From reference [10].
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The data at lower temperatures show the same behavior but at much lower rates.
At 30 °C, no decline is seen. Apparently, the approach to equilibrium is very slow.
Values for the ratio which are greater than 0.5 indicate that other reactions are
occurring, possibly with impurities in the solution. The decline at long times
represents a loss of triiodide and may be a result of a slow decompositién reac-

tion of PC.

3.3.4. Conductivity Experiments

If iodine and bromine disproportionate in PC, the conductivity of the solu-
tion as a function of time should reflect the change in the solution composition.
To verify the concentration changes observed with UV-Visible spectroscopy, the

conductivity of solutions of iodine and bromine in PC were measured.

Experimental

Conductivity measurements were made with a Wayne-Kerr conductivity
bridge connected to one of three conductivity cells®. The cell constants were
determined by measuring the conductivity of aqueous KC! solutions in the con-
centration range"of 10! to 1073 M and at temperatures between 25 and 35°C.
From published values of the specific conductance of these solutions[11], the cell
constants were found to be 1.056, 0.0102, and 0.0806 ecm ~!. During conductivity
measurgments, the samples were contained in test tubes which fit into a large
heal capacily aluminum block. Atemperature controller (Versa-Therm) main- |
tained the temperature to within =0.05°C. All measurements were made at
higher than room temperature, 35°C, to allow accurate terr.l‘perature control

without refrigeration.

Experiments were performed by mixing iodine with PC at 35°C, waiting 15 to

30 minutes for the iodine to dissolve, and then beginning the measurement.

8 Two of the ceils were manufactured by Yellow Springs, Corp., (nominal cell constants of 1 and
0.1 e ") and one cell was made in-house.
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Four iodine solution concentrations were used: 1 X 1071 M, 9.91 x 103 M,
9.82x 10 M and 1.12 x 107*M. As a-control, the conductivity of a sample con-

taining only PC was monitored concurrently.

Results

The conductivity of solutions of iodine at four different concentrations is
given in Figure 3.3.9. The duration of each of the experiments was at least 28
hours. In each case the behavior is similar; the conductivity of the sblution rises
rapidly in the first two hours, and then continues to slowly increase. The most
dilute solution appears to reach a plateau. Two of the solutions were monitored
beyond 28 hours. After 98.6 hours, the specific conductance of the 0.1 M solution
rose to 5.48 (uohm /cm )'1 However, after 45.6 hours the specific conductance
of the 1.12 x 10™* M solution was the same as that oBt.'ained after two hours. In all
cases, the increase in conductivity of the PC blank was much less than that of the

sample solution. -

Similar experiments, using bromine in place of iodine, also show an increas-
ing conductivity in time. Figure 3.3.10 demonstrates the specific conductance of
a solution of 1.0 M bromine in PC as a function of time. At a high concentration of -

bromine, the conductivity rises continuously over a 24 hour period.

The conductance behavior of solutions of iodine and bromine in PC in time
shows the same shape as the concentration of triiodide or tribromide as a func-

tion of time (See, for example, Figure 3.3.8.).
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Figure 3.3.9 Conductivity of four solutions of iodine in PC as a function
of time. The conductivity of a PC blank is shown as an open circle.
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Figure 3.3.10 Conductivity of bromine in PC (1 M) as a function of time
(open circles). The conductivity of a PC blank (note scale change)
is also given. :



54

3.4. DISCUSSION

From the results of the experiments presented above, it is clear that bolh
iodine and bromine disproportionate in PC to form the trihalide. The equilibrium
constant for the iodine disproportionation reaction was determined to be 0.86 at
25 °C[12]; the value for bromine is estimated from our resuilts to be 1.2. Because
trichloride is the most stable of the three trihalides (see section 6.2.1) the value
of the equilibrium constant for the chlorine -reaction is likely to be higher. If a
negatively charged ion is formed from a neutral molecule, electroneutrality
requires the formation ofva positively charged species. What is the nature of this
species?

wa possible explanations are offered here. PCis a relativély strong donor
solvent and may stabilize a positively charged species by solvation. In this case,
the PC carbonyl would be the coordination site. If stable, this species could be
detected by NMR (C!3 NMR v;ould show a chemical shift from the iodine) or

Fourier-Transform IR (by changing the C=0 stretch at the carbonyl).

Another explanation is that the positively-charged halogen species attacks
the PC. The results of the GC study of chlorine in PC are consistent with this
idea. Previous ekplaLnations of PC decomposition by halogens[13] invoked the
ionization of trace water to supply an acidic species which then acts as a decom-
position catalyst. Our results indicate that the presence of H* may not be neces-
sary to explain the results. Cl*is a very strong Lewis acid and could abstract a
proton from PC to initiate the decomposition. The production of HCl and glycol
in amounts in excess of one percent suggests that PC, not water, is the source of
the hydrogen. There is clearly not enough water in the sample to account for the

hydrogen in the glycol and ECI detected by the GC.
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3.5. CONCLUSIONS

UV-Visible spectrophotometry experiments designed to investigale the sta-
bility of PC in the presence of halogens have shown that the stable form of the
halogen in PC is the trihalide. This has been carefully studied for the case of
iodine, demonstrated for the case of bromine, and inferred for the case of

chlorine.

The stability of .PC in the presence of the halogens was studied. An investiga-
tion of solutions of chlorine in PC using gas chromatography has shown that
chlorine attacks even dried, distilled PC. Increasing water content in PC
increases the extent of the reaction. The major decomposition products are 1,2
and 1,3 propylene glycol, allyl alcohol, and acetone. Other products were |
detected but were not identified. Solutions of iodine and PC are stable for several
months; only a small fraction (about 5%) of the triiodide is consumed. The
behavior of solutions of iodine and PC is relatively insensitive to the water con-

tent of the solvent.

The results of these two separate investigations may be relaied by learning
about the nature of the positively charged halogen species formed in the dispro-
portionation reaction. This spécies may be reactive (acidic) enough to initiate |
the breakdown reaction by abstracting a proton from PC. FTIR or NMR experi-

ments are suggested to test this hypothesis.
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- Chapter IV/ Halide Double Salts in Propylene Carbonate

4.1. INTRODUCTION

To be considered a practical electrolyte for large scale synthesis applica-
tion, the solution conductivity should exceed 5 x 1073(Qcm )~![1]. Thus, a salt
which has an equivalent molar conductivity of 20 cm?2/((Jmol )~! (an average
value) should be soluble in excess of 0.25 M. The solubility and conductivity of
several potassium salts in PC are listed in Table 4.1.1. The most obvious feature
of these data is that the solubilities of most salts are much lower than in water.
¥Within the halide series, the trend for solubility is KI > KBr > KCl. It is well-
known[2] that anions are poorly solvated by PC because of the lack of a center of
positive charge in the PC molecule. Therefore, even though PC has a dielectric
~constant close to that of water (65), the solubilities of many salts are comparabie
or lower in PC than in many solvents having much lower dielectric constants[3],
'[4]. As a general rule, salts having large anions are much more soluble in PC.
This can be seen in Table 4.1.1 where the solubilities of KPFg and KAICl, are solu-
ble in excess of 1 mol/liter. Following the work done in this laboratory on
KAIC1,[5]., the double salts KAIC] ¢Br and KAIBr, were studied in PC. The results of
" the synthesis, and the solubility and conductivity experiments are reported in

this chapter.
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Table 4.1.1 Conductivity of Halide Salts in PC at 25 °C
Salt Solubility | Conductivity (Conc.) | Reference
(m) (Qem
KCl1 4x104 4x1075 (sat) [12]
KBr 6x10-2 1.4x10~4 (sat) [12].[12]
K1 2.3x107! . 4.4x1073 (sat) [14],[12]
LiBr 2.3 4.9x107* (sat) [12]).[12]
3.12M [13]
NaBr 8.0x10-2 1.8x107* (sat) [12],[12]
KBF, 0.012 1.9%107* (sat) [12],[12]
KPF, 1.5N 8.8x1073 (0.5N) [14].[14]
KAICI, >1M | 1.25x10°2(1M) 151.[5]

4.2. EXPERIMENTAL

The synthesis procedure for the double salts was similar to that repobrted by
Law[6] based upon early work by Baud[7], and Kendall[8]. Equimolar amounts
(appqoximately 150 grams) of the aluminum halide and the potassium halide v
were dried under vacuum, éround to a fine powder, and placed in a pyrex tube
inside a polyethylene glovebag under a nitrogen atmosphere. The tube was then
connected to a vacuum system, agitatéd by a vibrator to thoroughly mix the
salts, and pumped down to 1 um lig vacuum over night. The mixture was then
préssurized slightly with helium so that helium was constantly flowing over the
top of the tube while the salts were melting. The vacuum system and oven are
shown in Figure 4.2.1. The mixtures were heated to approximately 500 °C and

kept at this temperature for about two hours. The mixture was cooled very
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slowly to avoid suspending any settled impurities. After the solidification of the
salts, the pyrex tube was pumped down to 1 um Hg and sealed before transfer-

ring to the glovebox.

A drawback to this procedure is the possibility of overpressurizing the sys-
tem when the salt cools. At this time crystals can form at the neck of the tube
and create a seal. The stressin the tube can then become high enough to break
the glass. This problem can be avoided by being careful to keep the neck of the

tube warm and cooling the salt very slowly.

All solutions, conductivity and solubility measurements were made inside
the glovebox. Solutions of the salts in PC were made by first chilling the solvent
to 0 °C and then slowly adding the finely ground salt to the PC while the solution
was being stirred. The temperature of the solution was monitored to avoid sol-
vent breakdown that may result due to a large increase in temperature. All solu-
tions were prepared by weight. The solubility of the salts was measured by stir-
ring PC with an excess of salt for several days (sometimes several weeks), filter-
ing the solution and analyzing for potassium (by atomic absorption) and halide
(by titration with silver nitrate!). The solutions were checked several times to
make sure that equilibrium had been reached. The accuracy of the solubility
data should be regarded with caution because the solution temperature varied
between 20 and 25 °C inside the glovebox. The conductivity was measured with a
impedance bridge (Wayne-Kerr Model B224). The conductivity cells and calibra-

tion procedure are described in section 5.2.

4.3. RESULTS

The results of the synthesis are summarized in Table 4.3.2, showing the
starting compositions, the composition of the products, and the solubility and

conductivity of solutions in PC.

! Samples were dissolved in dilute aqueous nitric acid solutions. Silver nitrate was added to pre-
cipitate the silver halide. Potentiometric endpoint was determined using 4 silver wire indicator elec-
trode and a saturated calomel reference elecirode.
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Table 4.3.2 Halide Double Salts

KAICl, KAlBr, KAIClgBr
Starting " AlClg, KCl AlBrg, KBr AlICls, KBr
Composition
Products KAICl, KAlBr, mixed salt
Description white pale 3 layers,
purple amber color
Solubility >1.5 2 2
in PC | .
(M)
Conductivity | 3.4 +-0.2 x 1073 [ 2.7*0.2x 104 | 3.3=0.2 x 10783
of Saturated : :
Solution
((lem )~1)

KALBr,

KAlB.r-4 was produced from a equimolar mixture of KBr and AlBrs which was
heated to 500 °C. The resulting salt had a uniform, large-grained appearance and
a very pale purple color. A black oily substance was found in patches on the sur-
face but was not successfully identified. Analysis confirmed a molar ratio of

1/1/4 for potassium, aluminum, and bromide, respectively.

When this salt was dissolved in PC, it dissociated to form a KBr precipitate;
AlBrgremained in solution. The temperature of the solution increased only

slightly when the salt was added.

ZThese salts dissociate in solution as KBr (ppt) and AICl 3 or AlBrg.
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KALCL3Br

The salt KAICl3Br was prepared from a mixture of KBr and AlClg (1.15/1
moles KBr to AICls) which was heated to about 350 °C3. The resulting salt had a
completely diflerent appearance from either KAiICl, or KAlBr,. While molten
(mel‘ting point of approximately 140 °C), the solution appeared completely mixed
and black in color. Upon cooling, the mixture solidified into three diétinct
layers. The top layer (about a third of the total) was a dark, large grained salt
which was dark amber in color. Analysis gave a molar ratio of 1.05/1/0.87/2.8
for potassium, aluminum, bromide, and chloride, respectively; the expected
result for KAIClgBr. The narrow, middle layer.contained a coarse black powder.
Potassium, halides, and aluminum were present in a 3.2/1/3.6 molar ratio. Tests
for iron, a known contaminant in AlCls, were negative. The bottom layer (approx-
imately 2/3 of the total) had a finer grain and was much lig.hter in color. The

composition ratio indicated a 1:3 mixture of aluminum chloride and KBr.

This salt showed the same behavior as KAlBr, in solution. A precipitate of
KBr is formed, leaving AlClg in solution. Again, the temperature of the solution

increased only slightly when the salt was added.

4.4. DISCUSSION

It is surprising that the salts investigated were not stable in PC. In AIClg

solutions in PC, KCl will dissolve because stable complexes are formed[8],
AL(PC)§* + 4KCL ~ 4K* + AlCL; + 6PC.

Veryllittle information is available on the bromo-aluminate salts in nonaqueous.
solution, although many salts of this type have been studied in the molten
state[10], [11]. The reasons for the dissociation have not been explored. It is

possible that the bromide ions are simply too large to coordinate four ions to the

3 This salt was briefly exposed to air during the synthesis when a hole blew in the connecting
tube.
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central aluminum ion. The strength of the PC-aluminum complex may exceed

the strength of the Al-Br bond in KAlBr,.

Several solutions of KAIBr, and KAICl3Br yielded 0.31 M solutions of AlBrs. It
is not known if this value represents the iimiting solubility of AlBrgin PC because
the direct addition of even small amounts of this salt alone to PC caused color

changes and evidence of decomposition.

The conductivity of the aluminum bromide salts in PC are about an order of
magnitude below tﬁe conductivity of aluminum chloride solutions in PC. Again,
this reflects the instability of complexes of bfornide compared to chloride. Using
the datain Table 4.3.2, for a concentration of 0.31 M AlBrg in solution, the molar _
conductivity is 0.8 cm"’/ﬁ—mol. This indicates that aluminum bromide does not
ionize to any significant extent in PC. This is consistent with the conductivity
data reported by Mary[12] who gives an association constant of 1500 for AlBrgin

PC.

4.5. CONCLUSIONS

The double salts KAlBr, and KAICl3Br were synthesized and evaluated as
candidate electrolytes in PC. In contrast to t.he-chlorihe analog, KAICl,, these
salts are not stable in PC. In_each case the salt dissociated to form a KBr precipi-
tate, leaving the alﬁminum halide in solution. Unlike the direct addition of
aluminum halides to PC, these solutions were formed with only a small heat of
solution. The conductivity of the resuiting PC solutions are reported and com-

pared to those of similar salts[13].
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Chapter V/ Conductivity of Halide Salts in Propylene Carbonate

5.1. INTRODUCTION

Electrical conductance measurements provide several parameters which
are important for engineering design and which can contribute to a fundamental
understanding of the solution properties. From the concentration dependence of
the equivalent conductance and transference number data, information on sin-
gle ionic fnobilities. AJ and A, can be obtained. The data are useful for estimat-
ing the extent of ionic solvation and the size of the solvated species. Conduc-
tance data can also be used to estimate the extent of ibn-pair formation in solu-
tion. In this section, the conductivity literature for propylene carbonate is
briefly reviewed with an emphasis on the alkali halides. The results of conduc-
tivity experirnénts designed to estimate the extent of ion-pair formation of KI
and KBr in PC are presented. The eflect of elemental halogens on the conduc-
tivity of salt solutions is discussed. Finally, the effect of solu_tioﬁ viscosity on the

conductivity is evaluated.
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- 5.2. CONDUCTIVITY OF ALKALI HALIDES

5.2.1. Literature

The generally accepted theory of conductance[1] [2], treats the solvent as a con-
tinuumn and takes no direct account of solvent properties excepl for the dielec-
tric constant and the viscosity. The conductance is determined by the mobility
of the carrier and the number- of carriers. In a given solvent, the mobility of the
carrier is related to the size of the solvated ion and the viscosity of the solvent;
the ﬁumber of carriers is related to the extent of association of the salt in solu-
tion. It is commonly assumed that ionic salts are completely dissociated in sol-
vents having a dielectric constant greater then about 30. For these dissbciated

electrolytes, the conductance equation is given by,
A=A, — Sc¥ — Ecloge + Jc — FA,c. (5.2.1)

The first four terms describe the theoretical behavior of rigid charged spheres
moving in continuum (Debye-Huckel Theory), and the last term is a correction
for the solution viscosity. The coefﬁcieﬁts depend only on the dielectric con-
stant, the viscosity, temperature, and A,. In dilute solution, the first two terms
are sufficient t.d describe the results. Thus, in dilute solution, the behavior
described by this equation is in agreement with the early observation by Kol-
rausch according to which the equivalent conductivity is _prop'ortionavl tothe '

- square root of concentration.

If the salt is not completely dissociated in solution, the concentration of

ions is less than the formal concentration c, and the conductance is given by,
A=A, — Sc¥y*® + Ecylncy + cyF = K,c¥3f2A (5.2.2)

Here, the association constant, K,, is the ratio of the equilibrium concentration
of undissociated salt to the product of the concentrations of component ions in

solution.
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For a binary salt in solution, AB, which dissociates to A* and B~ according to

AB - B*+ A~

K, is given by,
. 1-y
Ky = FofE

Here f.is the average activity coefficient of the salt‘. v is the fraction of the salt
in ionic form, and ¢ is the formal concentrétion of the salt. If the value of K, is
1.0and f . = 1, 38% of a binary salt remains associated in a one molar solution.

Unfortunately, data for K, is not always reported with measurements of A

Despite the relatively high dielectric constant and moderate viscosity of PC,
the equivalent conductance of many salts in this solvent is lower than that inva
number of solvents having a lower dielectric constant. To illustrate this, conduc-
~tance parameters for the alkali metal halides and perchlorates in several sol-
vents are listed in Table 5.5.1. The variation of equivalent conductances of a
given salt in various solvents can, in pari, be rat.ionalized by the degree of
specific interaction between the solute and solvent. For example, the equivalent
conductance of nearly every salt in Table 5.1.1 declines in the order
Ao (water) > A, (DMF) > A, (EC) > A, (PC). This sequence does not correspond to
the order of dielectric constant of the solvent, rather it follows the pattern of the
sum of the donor and acceptor numbers. (See Table 5.1.2.) Thus, although this
épproach is rarely seen in the literature, consideration of the specific interac-
tion between the solute and solvent may be a good indication of the solvelnt
dependence of the limiting equivalént éonductance of many salts. Toionize an
AB salt, the coulomb interaction of the two ions must be overcome. Specific
interaction betweeh thé solvent and the ions can decrease this dhergy ba_rrier.
The donor numbér is a measure of the ability of the solvent. to coordinﬁte toa
cation. The acceptor number is a measure of the ability of the solvent to coordi-

nate to an anion. Water is a superior ionizing solvent because it has both
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a large acceptor number and a large donor number. Thus, it can coordinate both
anions and cations. Aprotic solvents have low acceptor numbers so anion solva-
tion is weak although cation solvation may be even stronger th;’:m in water. The
inability to coordinate anions contributes to the strong tendency to form ion
pairs in aprotic solvents. This ion-ion association reduces the number of mobile

ions and results in a lower equivalent conductance for salts in aprotic solvents.



Table 5.1.1 Limiting Equivalent Conductance of Alkali Metal Salts

PC (25°C) EC (40°C) || DMF (25°C) | Water (25°C)
A Kl A (K| A K] A | K
Licl f2vs'}ss57 30531 - |lsoaty - f1150] -
[l | [e] [d] [bl [b]
LiBr || 268'| 19 |[ 333 | - | 767 | - | 1167 -
_[b] [c] [d] [b] [b]
Lil 26.1 - |l33.74| - {7481 | - || 1154 | -
[b] [d] [b] b
NaCl |- -~ - |l 3852 - 86.5 - || 128.5 -
[d] [b] [b]
NaBr - - 3929 - || 831 | - {1282 ] -
[d] (bl [b]
Nal - - 39.73 | - 81.2 - |l 129.9 -
[d] bl | [b]
kci (3220 - fises7| - [les2r| - ||1499] -
[b] | | [d] [b] [b]
KBr 31.3! - 42.44 | - 84.8! - |l 151.8.{ -
[b] ] bl b |
Kl 30.8' | - ||4288 | 1.8 829" | - |l1505 | .89
Y (] | elll T[] fel | el
LiClo, | 27.3 | -1.5 | 3285 | - | 829! | - | 1086.0 -
| (e | 0] | [e] [b] [b]
NaClO, || 279 | -1.2 || 3884 | - | 89.3. | - [ 1505 | -
[f1 1 [f] [g] " [b] [b]
KClo, || 29.6 | 0.6 ||41.99 | - | 91.0.| - [ 1409 | -
[f] | [f] [g] [b] [b]

!{a] These values are estimated from summing the values for A and A}.

2[b] B. G. Cox, in Annual Report of Progress in Chemistry A, 70, 249, (1973).

3[c] L. Mukherjee and . Boden. J. Phys. Chem., 73, 11, 3985, (1989).

4{d] G. Petrella and A. Sacco, J. Chem. Soc., Faraday Trans. 1, 74, 8, 2070, (1978).
5{e] A. D'Aprano, J. Komiyamae, and R. Fuoss, J. Soln. Chem. 5, 4, 279, (19786).

8({#] M. Jansen and H. Yeager, J. Phys. Chem, 77, 26, 3088, (1973).

7(g) R. Kempa and W.H. Lee, J. Chem. Soc., 1961, 100, (1961).

89
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Table 5.1.2 Physical Properties of Selected Solvents at 25°C
PC EC® DMF Water
Dielectric Constant 65.1 89 46 78
Viscosity é.S - 2.54 0.796 1.96
(cp) -
Densit i.2 1.34 0.844 1.10
(&/ml}
D‘bnor No. 15.1 18.4 26.8 29.8
Acceptor No. 18 19.3 16 19.3

In PC, the limiting equivalent conductance of a given salt, A, is always about
a quarter of its value in water. This is generally attributed to the lower viscosity
of water (about 40% of the viscosity of PC) and the smaller size of solvated ions in
water, but it is also a result of the relatively poor solvation of anions by PC. The
alkali metal salts are universally described as completely dissociated in water. In
contrast, LiCl and LiBr are found to be associated in PC, with values of K, of 557
and 19, respectively[3]. No values of the association constant for KBr were found
in the literature, but K, is reported to be 1.8 for Kl in ethylene carbonate[4] and

"small” in propylené carbonate[5].

Several systematic studies on aprotic solvents[6] [7] have convincingly
demonstrated the need to take specific interactions between the solute and sol-
vent into account in the evaluation of conductance properties. For example,
D'Aprano et al.[8] studied the conductance of potassium perchiorate and potas-

sium iodide in several mixed solvents. The purpose of this study was to compare

8 The data for ethylene carbonate is given at 40°C.
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the ionic association of these salts in pure water and several mixed solvents iso-
dielectric with water. Such solvent mixtures were obtained by adding methanol,
acetone, acetonitrile, or sulfolane to ethylene carbonate. From fitting conduc-
tance data as a function of concentration, the conductance parameters, A, (the
limiting equivalent conductance), K,, and a (thev solvated ionic diameter), were
obtained. The results showed a wide variation of the conductance vparameters in
the solvents. The values of K, for both Kl and KCl1O04 were approximately the
same and about 40% larger than the values in water. The results for KI varied
depending upon the components of the solvent mixture. Association constants of
1.30in the EC-TMS mixture and 0.25 in water were found. The conclusion of the

" study was that salts were more highly associated in the aprotic solvents, but the

specific reasons for the difference were not addressed.

Spectroscopic studies of alkali metal salts in PC also show evidénce of ion-
paif formation for some salts. Using far IR and sodium-23 NMR, Greenberg, Weid,
and Popov studied the frequency shifts for LiC10,, LiBr, Nal, NaCl0,, NaBPh,,
NaBr, and NaSCN in PC[8]. Evidence of io‘n-pair formation was found for NaBr and
NaSCN. An approximate ;ralue for the the association constant of 36 = 10 was

estimated from the chemical shift data for NaSCN.

Often, conductance data is analyzed assuming that the salt is completely
dissociated when this assumption is not valid. This point is discussed by Mukher-
jee[10] and D’Aprano and Fu;)ss[ll]. Mukherjee points out that plots of the con-
ductance equation (Eq. 5.2.1) versus concentration are not straight lines as
expected for completely dissociated ele_c&olytes. Fuos;s discusses the fact that
negative values of KA, which are physically meaningless, often result from fitting
the conductance equation to data. According to Fuoss, this indicates that the
conductivitf rheasurements are not completely reliable indicators of associat-.ion

for values of K, less than about 1.5.
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From this survey, there is evidence in the literature to indicate that the
alkali metal salts may be partially associated in propylene carbonate. To
advance our underst.anding of this phenomenon, the conductance of Kl and KBr
solutions were rneasured as a function of concentration and as a function of the

concentration of a third component, the corresponding halogen.

5.2.2. Experimental

Potassium iodide and bromide salts (Malinckroct, Reagent Grade) were dried
under vacuum (less than 1 mm Hg) at temperatures up to 300 °C for several days.
All solution preparation and conductivity measurements were done in a glovebox
under a helium atmosphere. The glassware for the experiments was cleaned by
alcoholic KOH followed by soaking in distilled water for several days and then .
drying in a vacuum oven. The vials were rinsed with pure PC (prepared as
described in chapter 2) before use. The standard solutions were made by slowly
adding the powdered salt to dried, distilled PC which had been chilled to 0 °C.

The remaining solutions were made by sﬁccessive dilution; the concentration

was later checked by atomic absorption (Perkin-Elmer Model 4000).

The solution conduct.iv_ity was measured using a t;en-range transformer ratio
arm bridge (Wayne-Kerr Model B224) at a frequency of 1592 Hz. Temperature
contr_ol in the glovebox was achieved with a block heater (Scientific Products
Model M2025) thermostated at 25 = 1.5°C. To compensate for small variations in
temperature, the conductivity of several solutions was also measured as a func-
tion of temperature from 20 to 30 °C. These results were used to correct all
values to 25 °C. Conductivity cells were calibrated using aqueous KCl solu-

tions{12].
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5.2.3. Results and Discussion

' Conductivity of Pure Propylene Carbonate

Propylene carbonate used in this study contained less than 5 ppm water, as
measured by GC. (See section 2.3 for details on the purification and characteri-
zation of PC.) The conductivity of this solvent was measured in the glovebox
using the‘equipment and glassware described above. The lowest value obtained
for the conductivity of PC was 1.7 £ 0.3 x 1078~1em ~!. The results varied slightly
with different batcﬁes of PC. The measured conductivities were very sensitive to
the treatment of the glassware used to contain the sample. The lowest values
were obtafnéd in glass vials that were first soaked in dry PC for at least one day.
If the glassware was not soaked first, the additional impurities raised the conduc-
tivity to as much as 4 x 107’0 !'em ~!. Addition of 470 ppm (0.026 M) water to the
1.7 x 108Q-1cm ! PC increased the conductivity slowly (two days) up to

2.4 x 10~"0~'em ™! but the conductivity remained constant after that point.

Conductivity of KT and KBr in PC

A Kolrausch plot of the equivalent conductivity of KBr and KI as a function of
the square root of concentration is shown in Figure 5.2.1. The equivalent conduc-
tance data for solutions less than 1x1074M yielded anomalous values for A, which
were too high to be physically reasonable. It is believed that this behavior is due
to unknown impurities in the solvent or salts. These data have been omitted
from Figure 5.2.1. The data for K] plot are well represented by a straight line in
the Kolrausch plot. The intercept gives a value of 31.5 cm?/Qmol for A,, which
agrees reasonably well with the value of 30.75 éma/Qmol published by Mukher-

jee[13]. The slope of the line is also in good agreement with the Mukherjee data.

The data for KBr shows different behavior. Although the Kolrausch plot is
also linear, thé derived value of 37.5 cm?/Qmol is much higher than the value of

31.3 cm?/0mol estimated from published values of the single ionic mobilities
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Figure 5.2.1 Kolrausch plots for KBr and KI in PC at 25°C. Data from
Mukhejee et al. [13] 1s included for comparison.
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of K* and Br [14]. These mobilities were derived from conductivity measure-
ments of LiBr, KC104 and n —Bu /NBr under the assumption that Ay = A for the
salt (i —Am ),(i —Am ),B. Because the equivalent conductance of Kl is less than
that of KBr, we conclude that KBr is less associated in PC than KI. This is con-
sistent with the donor properties of these halides. Bromide is a better donor
than iodide[15], so the interaction between bromide and the solvent is stronger
than the interaction between iodide and the solvent. This causes KBr to be less

associated than KI.
5.3. CONDUCTIVITIES OF MIXTURES OF HALIDES AND HALOGENS

5.3.1. Experimental

Because of the difficulty of handling bromine and iodine in the élovebox. these
experiments were performed outside. The conductivities of these solutions were
so much higher than blank eiperiments (PC only) that any additional impurities
introduced from the air did not make a significant con&ibution. lodine was
added to stock solutions of 0.049 M and 0.099 M Kl in PC to obtain the solution

compositions listed in Table 5.2.1.



Table 5.2.1 lodine Concentrations in Two KI Sdlutions

, = oy
0.049 M K1 | 0.098 M KI
0.0M 0.0M
0.0103 M 0.0401 M
0.0302 M 0.0806 M
0.0399 M 0.0891 M'
0.0498 M | 0.1010M
0.0600 M | 0.1108 M
0.0700 M 0.1310 M
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All measurements were made at higher than room temperature to permit accu-
rate temperature control without refrigeration. Conductivities were measured
at 35 °C after the samples had been allowed to equilibrate from 4 to 24 hours.
The viscosity of the solutions we.re’ measured using an Ostwald capillary viscome-

ter immersed in a 35°C temperature bath.

The bromine experiments were done in a glovebag which had been purged
with dry nitrogen. Bromine was added to the bromide solutions using a micropi-

. pette.

5.3.2. Results and Discussion

The results of the conductivity experiments are presented in Figures 5.3.1 and
5.3.2. The specific conductances of both the 0.05 M and the 0.10 M solutions
increased upon the addition on iodine. The conductivity of the 0.05 M solution
rose about 3.5%; the conductivity of the 0.1 M solution rose about 5.5%. In each

case,the maximum in conductivity occurred when the iodine concentration was
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Figure 5.3.1 Spécific conductiviﬁy of mixtures of iodide and iodine in PC.
KI concentration is constant at 0.05 M. Solution temperature: 35°C.
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equal to the iodide concentration. At higher concentrations of iodine, the con-

ductivity declined.

The viscosity of these solutions at 35 "C. is shown in Figures 5.3.3 Aand B. In
each case the viscosity was constant, within an experimental error of approxi-
mately 5%, for all the concentrations of iodine studied. Thus, changes in the
solution viscosity are ruled out as a possible explanatioﬁ of the rise in conduc-
tivity.

Two explanations for this behavior are possible. If the potassium halide
salts are completely dissociated, the behavior of the the conductivity of these
solutions simply reflects the increased rnobility of tﬁe triiodide ion relative to
the iodide ion. This explanation is implausible however, because the radius of
triiodide is likely to be larger than the radius of the iodide ion®. On the other
hand, if potassium ibdide were not to be completely dissociated in PC, the addi-
tion of iodine would shift the equilibrium of the dissociation reaction to the right
as iodide is consumed to produce triiodide. The added iodine will be quantita-
tively converted to triiodide because triiodide is very stable in PC!°. The solva-
tion of triiodide by PC is greater than the solvation of iodide, thus Kl will be
more dissociated than KI. This increases the number of ionic species in solutioﬁ.
When the total amount of iodide has reacted to tritodide, the condut_:t.ivity
decreases because penta-iodide species begin to be forrned“. These large anions

should have a lower mobility than triiodide.

The same experiments were performed by adding bromine to bromide solu-
tions. The results, given in Figure 5.3.4, show slightly diﬂerent behavior than the
iodine experiments. No maximum in the conductivity was observed; the specific |
conductivity rose from 2 X 107#Q~'em ~! to 30 x 10~*Q~'cm ~! when bromine was

added to a concentration of 0.7 M. The increase in conductivity may be due to

¥ Anions are not soivated in PC. :
19 The equilibrium constant for triiodie formation in PCis 107%, (See chapter III.)



80

2.20 T T ] T ] T ] 1
218 A | -
2.16 I . —
8 a1 : .
2 212 ' '
‘B e _
o
§ 2.10 ° hd °
2 .
& 208+ , e ¢ —
= |
C% 2.06 — ' . —
2.04 -~ -
2.02 — ’ —
2.00 i 1 | | L [ i ' { |
0 _ 0.02 0.04 0.06 . 0.08 0.10
2.30 T T T T T T T T T T T I T
228-B _
226 | | |
8 224 | - | | T
>
‘w2221~ ) -
o
A _
S 2.20 | [ J
c
S 218 "o ¥ e =
E . 2 . o
(@] - -
S 216 )
2141 - - R
2.12 — =
210 ] [ | { i | n | 1 | !

0 0.02 0.04 0.06 0.08 0.10 012 - 014

lodine Concentration (M)

XBL 8410-10904

Figure 5.3.3 Solution viscosity of KI solutions as a function of iodine
concentration. Temperature: 35°C. (A) 0.05 M KI, (B) 0.10 M KI.



81

w

o
—
_—

n
o
I

-
o

Specific Conductivity (@' cm™ x 103)

_ | | l I
0 01 02 03 04 05 06 07 08

Concentration of Bromine (M)

XBL 849-7973

Figure 5.3.4 Specific conductivit )
y of a saturated KBr soluti i
of bromine concentration. Temperature: 25 °C. urion as & function



82

a "Grotthus-type” of conduction mechanism. Although this mechanism is well-
established for the conductivity of protons in water, it has generally not been
established for other ionic species. According to this mechanism, protons move
in aqueous solutions by rapidly hopping from H30* to H,0. This leads to unusu-.
ally high values of the ionic conductivity of protons and OH~ in water. Recently,
Rubinstein, Bixon and Gileadi[17] have proposed the same mechanism for the
unusually high conductivity of bromide in bromine solutions. They propose that
halide ions hop frorn the trihalide to an adjacent halogen molecule, which could

lead to faster ionic transfer. -

5.4. CONCLUSIONS

Conductivity experiments designea to determine the extent of ion-pair for-
mation for KI and KBr in PC gave mixed re'sults.‘ In the very dilute range, (con-
centrations less than 1 x 10™*M ), impurities in. the solution interfered with the
measurement. The results for Kl were linear in the higher concentration range,
in agreement with theory. However, in contrast to previous studies on halogen
salts, we found a higher limiting equivalent conductance for the bromide ion

than the iodide ion.

The conductivity of Kl and KBr solutions increases if the corresponding halo-
geﬁ is added. Solutions of KI (0.5 M and 0.1 M) show a maximum in ﬁonductivity
when the concentration of added halogen is equal to the concentralion of iodide
in solution. A maximum was not observed in KBr solutions. The increasing con-
ductivity is attribuled to either the improved mobility of the trihalide ion or pos-
sibly a "Grotthus” m;chanism of conductivity. In KI solutions, the observed max-
imum in conductivity may be due to the increased dissociation of the halide salt

(Klg relative to KI) in halogen solutions.
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Chapter V1/ Electrochemical Oxidation of lodide

in Propylene Carbonate: Cyclic Voltammetry Experiments

6.1. INTRODUCTION

The kinetic and thermodynamic properties of the electrochemical oxidation
of halides are highly influenced by the properties of the solvent chosen for the
process. For example, cyclic voltammetry experiments performed wiih iodide in
a series of solvents including water, methanol, pyridine, acetonitrile, and DMSO
showed a 310 mV range in the pot;ent.ial for iodide oxidation and a wide variation
in the stability of triiodide[1]. In addition to potential variations, the solvent also
inﬁuen.ces the kinetics of electrochemical reactions by changing the character
of the intermediate or specifically interacting with the product of the reaction.
Despite a large effort by workers such as Parker, Gutmann, Popovych and others,
methods to pfedict these properties from single component (solvent and solute)
data are not yet accurate enough to be useful. Thus, dependable information
about the behavior of an electrochemical couple must still be obtained experi-
mentally. In the following study the chemistry and electrochemistry of the

iodide/ triiodide/iodine system in PC is presented.

Cyclic voltammetry was the primary technique chosen to study the nature
of the electrochemical oxidation of the halides. In addition, potential step exper-
" iments were performed to determine the diffusion coéfﬁcients and the electroac-
tive area of the electrodes. Spectral electrochemical exﬁeriments were also

done to independently confirm the chemistry.

The cyclic voltammetry experiment consists of applying a linearly varying
potential Lo the working electrode (relative to the reference potential) and moni-
toring the resulting current. In this way, the behavior of multiple electroactive
species can be followed over a potential range. The only independent parameters

of the experiment are the range and rate of the potential sweep. An outline
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of a typical cyclic voltammetry response for a single reversible oxidation reac-
tion is shown in Figure 6.1.1. Although the experiment is conceptually simple, its
interpretation is often complicated by the large number of variables affecting
the total current. These include adsorption of the reactant and/or product, dou-
ble layer charging, kinetic effects, complications due to homogeneous reactions,
or unwanted stirring due to natural convection. For this reason, the quality of
information available from a cyclic voltammetry experiment depends upon the
design of the apparatus and the experimental procedure. The measured parame-
ters in any cyclic voltammetry experiment are the half-wave potential, Ey, for
each electrochemical reaction, the peak current at that potential, and the shape
of the wave. From the dependence of the peak current on the sweep rate, the
number of electrons transferred for an electrode _reaction can be determined. In
many applications, the number of reactions and the reaction potential are the
only results of interest. However, for simple reactions and a well-defined reactor
geometry (semi-infinite stagnant solution adjacent to a planar electrode or
rotating disc, for example), quantitative information about reaction reversibil-
ity, kinetic or transport parameters can be obtained from the shape of the vol-
tammetric curves. The purpose of using cyclic voltammetry to study the electro-
chemistry of the halogens i1;1< propylene carbonate ;\ras to characterize the oxida-

tion reaction. Specifically, the questions of interest are:

i. How many reactions occur?
ii. What is the stoichiometry of each reaction?
-iii. Are the reactions reversible or are the
kinetics slow?

iv. Is there evidence for solvent decomposition?

In this chapter the work of previous investigations of halide oxidation in

nonaqueous solvents is reviewed and the results of a series of cyclic
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Figure 6.1.1 Cyclic voltammetry. A sawtooth potential is applied to the
working electrode (A) and the resulting current (B) is monitored.

The results are presented as a voltammogram (C). The applied potential
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voltammetry experiments on thé halide/halogen couple in propylene carbonate
is reported. In addition, a mathematical model is presented which was developed
to interpret the voltammograms. Finally, the results of spectral electrochemi-

cal experiments are described.
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6.2. LITERATURE

8.2.1. Experimental Studies

Since the turn of the century, halide oxidation in aqueous solutions has
been exhaustively studied. The equilibrium constant of the triiodide formation,
for example, has been measured by distributional methods [2], spectropho-
tometry [3] [4]. solubility [5], conductivity 6], and potentiometry [7]. One
author comments that the 1-/1; couple "is probably the most extensively studied
equilibrium involving a molecule and an ion” [8]. Surveys of the work are avail-
able [9] [10], and effort continues to establish the existence and stability of 15
and higher atomic chains [11]. By 1956, the chemistry and electrochemistry of
the halogen couples in non-aqueous solvents began receiving attention. Litera-
ture on this subject generally falls into two categories: either the halogen reac-
tions are studied in detail in a single solvent to investigate the mechanism of the
the reaction or a single reactionis exémined in a series of solvents to study the
effect of thé solvent on the reaction. In this section a series of papers describing
voltammetric studies of halide oxidation in nonaqueous solvents is reviewed. The
' papers are selected to highlight the eflect the solvent on the reactivity of the
halogen/halide couple, to review some of the controversies in the literature, and

- to survey the work done to date in propylene carbonate.

.Single Solvent Studies: Acetonitrile

In the final paragraph of their 1957 paper, Kolthoff and Coetzee[12] describe
a series of voltammetry experiments in chloride, bromide, and iodide solutions
in acetonitrile. They noted that the three halides each gave two anodic waves at

a rotating platinum electrode and postulated the following mechanism:

6X —de-=2X5
2X5 —2e~-3X;
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This preliminary work was followed by an extensive study on the voltammetry of
the iodine species in acetronitrile reported by Popov and Geske in 1958 [13].
Their observations differed from the earlier work on a major point. Instead of
two voltammetric waves, as reported by Kolthoff and Coetzee, they observed four
waves. Triiodide formation and subsequent oxidation are assigned to the waves
occurring at the low potential (in agreement with the earlier work) and the oxi-
dation of iodine to cationic iodine species is postulated to account for the waves
oécuring at more positive potentials. Formal potentials and a stability constant
for trijodide are presented; thése values are compared to other literature values
in Téble 6.2.1. An attempt to stabilize the 1* species was made b.y adding a
heterocyclic amine to the solution. They found that increésing the amine con-
centration increased the height of the positive iodine wave but quantitative
evaluation was hampered by the fact that the amines participate in the forma-
tion of a film under these highly oxidizing conditions. A third paper entitled
"lodometrie dans I'Acetonitrile” was published by Desbarres in 1961 [14].
Although this is largely an extension of Geske and Popov’s work, it includes the
effect of water on the electrode potentiais and the stability of the triiodide in

mixed water-acetonitrile solutions.
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Table 6.2.1 Triiodide Stability Constant in Various Solvents
Solvent -pK for K ___[1_3:_1_ References
(/7))
AN 7.4 Desbarres [14]
8.8 Nelson & Iwamoto [24]
6.8 Nakata [28]
DMSO 6.9 Nakata {26
6.9 Parker (25
DMF 7.0 Nakata {26
7.0 Parker |25
Water 2.85 Parker [25]
PC 7.9 ' L'Her [21]

Anhydrous Acetic Acid and Nitromethane

The mechanism of oxidation of bromide and chloride in anhydrous acetic
acid was studied by Mastragostino, Casalbore and Valcher{15]. They observed
only one anodic wave for both chloride and bromide oxidat.ion. Although the
chloride reaction was reversible, the oxidation of bromide was under kinetic con-

trol. The authors proposed the following mechanism:

Bromide oxidation:
2Br— - Brp,+2e~
Chloride oxidation:
3C-~ Qg +2e-
Cg - C+ 0"
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From this work they concluded that the order of stability of the tri-halides in |

acetic acid is

I >Brg > (3.
Ina léter paper the same group studied the oxidation of chloride in
nitromethane [16]. Based on the same type of experiments, they arrive at the
same mechanism for chloride oxidation as described above. Both these papers
are flawed by the reference of all potentials to the "Thalamid electrode #40".
~ This electrode is not characterized or referred to a more conventional reference
electrode. Also, only feduéed'data are giv‘en so.the conclusions of the authors

cannot be checked by exarnination of peak shapes and background currents.

- Pyridine

Pyridine, in spite of its odor, is one of the most useful and most studied
organic solvents. The polarity of the molecule promotes high solubility of many
sal_ts and the aromatic structure stabilizes the molecule and minimizes the avai-
lability of solvent protons. Because pyridine is of interest as a solvent for analyt-
ical chemistry and as a battery solvent, the eiectrochemistry of the
iodine/iodide couple in pyridine has been thoroughly studied. The use of pyridine
as a nonagqueous solvent has been carefully reviewed by Nigretto and

Jozefowicz[17].

Halogen solutions in pyridine have received much attention in the literature
because strong complexes can form between the solve’nt and the halog.en. As a
strong donor solvent (donor numbef of 33.1), pyridine interacts with iodine to
form rnolecul'ar complexes of the form, Pylg[i7]. The literature of the complex

formation is reviewed in chapter three.

Voltammetric experiments, similar to those done in other solvents, were
performed in pyridine to establish the stability of iodine species over a pH

range[18]. From this work three distinct couples were characterized in acid
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media:

37~ I3 +2e" 0.536 V(us.NHE)
2l ~3L+2e- 0970V

L-2I* 1.255V

Above pH 5, the iodine begins to disproportionate into triiodide and an
unidentified positively charged species, probably the base I0H or its anhydride,
1,0.

Propylene Carbonate

The electrochemistry of the halides in propylene carbonate has received
scant attention in the literature. Although several investigations of the stability
of tz"iiodide have includéd PCin the serie.s of solvents considered, there is little |
information available describing the reactions in detail. From voltammetry
experiments, Courtot-Coupez and L'Her [19] observed two waves corresponding
to iodide and subsequent triiodide oxidation. From the difference in the half-
wave poténtials. the stability constant for triiodide formation is determined to

be pK = 7.9, where pK is defined as,

_B-B K. = (][]

Pl = 2mer P K TET
pK, = —log K,

Because a plot of E vs. log Cis not a straight line at high concentrations of ivdine,
the authors conclude that the penta-iodide complex, 15, is stable in propylene
carbonate. This conclusion is reached even though they do not oBserve areduc-
tion wave for this species. From the deviation from the expected linear behavior
of a titration of an iodine solution with iodide, they calculate a stability constant

for 15 of pK = 1.9. Unfortunately, neither the Nernst plot nor the titration data
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are presented. Because these experiments were performed using a silver/ silver
perchlorate reference elect;ode. which is known to be unstable in PC in the pres-
ence of halogens [20], and because the authors have not recognized the
existence of a disproportionation reaction between iodine and PC (see section
3.3) the explanation that a penta-iodide complex exists is not completely con-
vincing.

The stability of triiodide was studied by L'Her, Morin-Bozec, and Courtot-
Coupez in a paper on the solvation of anions in mixtures of water and PC [21].
Equilibrium E° values were determined for the iodide/triiodide and
triicdide/iodine couples from the analysis of potentiometric titration curves.
The potentials are a linear function of log [z/(1 = z)3] for the titration of iodide
solutions with iodine, where z is the amount of titrate added. For the titration of
iodine solutions, the potential is a linear function of log[ (1 —z)3/22]. Values of

E° obtained by L'Her et al. are listed in Table 8.2.2.

Table 6.2.2 Normal Redox Potentials for
Triiodide Couples in PC (vs. Ag /AgCl0,)

Eo(I-/13) -0.292 V

E(s/0) | ~ 0.388V

For the difference in E° values, a stability constant of 7.7 1/mole is reported.:

Multiple Solvent Studies

The acidity or basicity of halides or halogen species in solution are both

strong functions of the solvent properties. For example, triiodide is the most
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stable of the tri-halides in water but the least stable in aprotic solvents[22].
Repetitive studies of the same electrode reaction (or reactions) in a variety of
solvents is an approach many have taken to evaluate the influence of ionic solva-
tion on reaction thermodynamics. Often, cyclic voltammetry is used for these

measurements.

Early work showed a wide variation in tri-halide stability and activity in
different solvents:. In 1955, Iwamota [23] published a fechnical note describing
the half-wave potentials of halide oxidation from cyclic voltammetry experi-
ments in a series of solvents ranging from protic solvents such as water and
ethanol to _dipolar' aprotic solvvents such as acetonitrile and pyridine. He con-
cluded that halide oxidation in aprotic solvents shows two anodic waves while the
same reactant in protic solvents exhibits only one wave. In 1984, he followed this
work with a paper co-authored with 1. Nelson detailing the voltammetric studies
of tri-halide stability in nitromethane, acetone, and ac.etonitrile[24]. As noted
above, they found that in contrast to the situation in water, triiodide is the least
.stable of the tri-halides in these aprotic solvents. The order of stability was
reported as:

Qs >Bry >1g.

This 6rder is reversed in water. The reason for the large difference in tri-halide
stability is explained by the authors to be a result of the strong hydrogen bond-
ing properties of water. Because aprotic solvents are appreciably less acidic and
less basic than water, the halides and halogens have much lower solvation energy
in these solutions. Therefore much less energy is required to form the tri-
halides and the stability constants are large. Stability constants reported in this

paper are also included in Table 6.2.1.

A systematic study of the influence of anion solvation on the chemistry of

anions in protic and aprotic solvents was published by Alexander et al.[25]. in
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1967. Solvation effects were studied by solubility product measurements of
silver, cesium, and potassium salts; and instability constant measurements (the
inverse of the stability constant) of silver and halogen cornplexes in water,
methanol, formamide, DMF, DMA, DMSO, acetonitrile, and hexamethylphosphor-
triamide (HMPTA). The reported instability constants have been converted to
stability constants and are also included in table 6.2.1. In agreement with
Iwamoto, their results show that tri-halide ions are much more stable in dipolar
' aprotic solvents than in protic solvents. According to Parker the stability of the
halides observed in water, / > Br~> (1-, is due to the strong H-bonding solva- _
tion of the chloride ion in water, and not due to an intrinsic property such as
polarizability. The large stability constant of 15 in aprotic solvents'is attributed
to the high polarizability of the large trilodide ion. This allows it to be more

~ easily solvated by aprotic solvents relative to tribromide and trichloride ions.

» In recent work, the polarographic behavior of iodine in a series of aprotic
solvents was investigated by Nakata et. al[26] . The solvents included in the
study were acetonitrile, benzonitrile, DMA, DMF, PC, DMSO, and HMPTA. In experi-
ments using a dropping mercury electrode, the electrochemistry was dominated
by the presence of mercuric iodide which formed at the electrode surface by the
the reaction of iodine and mercury. Stability constants for tri-halide formation
derived from fot.at.ing disc experiments at platinum electrodes are included in

Table 8.2.1.

8.2.2. Theoretical Treatments of Cyclic Voltammetry

Since the first demonstration of cyclic voltammetry by Matheson and
Nichols [27] in 1938, the theoretical description of the technique has been
extensively developed by many investigatofs. The earliest work described the
theory for a reveréible electrode reaction and was reported independently by

Randles [28] and Sevcik[29] in 1948. By 1953 the theory for irreversible charge
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transfer reactions was reported by Delahay [30] and later this work was
rederived and extended to quasi-reversible systems by Matsuda and Ayabe [31].
These papers initiated intense activity and by 1965 the theory of the single scan
method had been applied to reversible reactions at cylindrical electrodes [32],
and at spherical electrodes [33]; deposition reactions [34] and dissolution reac-
tions [35] were examined, as well as systems of consecutive charge transfer reac-
tions [36]. In 1964 Nicholson and Shain[37] published a classic paper on the sub-
ject. They reviewed the theoretical work to that date and presented the theory of
both single-scan and cyclic voltammetry applied to systems in which preceding,
following or cyclic chemical reactions are coupled with reversible or irreversible
charge transfer reactions. The following year this work was extended to include
the case in which a chemical reaction is coﬁpled between two charge transfer

reactions (often called the "ECE mechanism”)[38].

A complete discussion of the theory of cyclic voltammetry for the arr.ay of
reaction mechanisms and kinetic cases is not pfesented here. Several books »
cover the subject in detail [39], [40]. Instead ] present only the general approach
developed by Nicholson and Shain and demonstrate why the existing theory was
inadequate to describe the system of electrode reaciions prﬁposed for halide oxi- '
dation in PC. 1 will cover only solutions to the problem of reaction at a planar
elecfrode ina stagx_'xant solution and focus on the case of reversible charge

transfer.

Reversible Charge Transfer

The solution to the problem of linear sweep voltammetry with reversible
charge transfer is a starting point for outlining the general probiem. The
approach shown here follows the work of Nicholson and Shain. For a single rever-

sible reduction of an oxidized species, 0, to a reduced species, R,
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O+ne-~R - | (A)

the governing equations for a reaction at a planar electrode are described by

Fick's second law for both the oxidized and reduced species,

3Cp 32C,

= 8.2.
3t - DR az? (8.2.1)
aC, _ 8%C, |

= 6.2.
37 Dy Py (6.2.2)

where x is the distance from the electrode surface, Cy and Cg are the concentra-
tions of substances O and R, and t is time. These equations apply only under the
assumption that the mass transfer in thé bulk solution occurs by diffusion only;
migration and natural convective effects are neglected. The validity of these
assumptions is discussed in section 6.6. Assuming that only O is present at the

beginning of the experiment at concentration Cg, the initial conditions are

Cp(0,z) = 0 (6.2.3)

Co(0.z)=C; | (6.2.4)

We assume that the reaction occurring at the electrode surface has no effect at

x =, thus:

Cp(t.®)=0 | (6.2.5)

Co(t.=)=C5 - | (6.2.6)

If the electrochemical reaction is reversible, the ki_netics are fast relative to
diffusion, and the concentration of the oxidized and reduced species obey the

Nernst equation at the electrode surface,

_ . Col0:t) nF
for t >0,andz = 0: oD - exp[ -ﬁ(Efﬁ‘ )] (6.2.7)

Here E is the potential of the electrode relative to a given reference and E° is the

formal electrode potential relative to the same reference. Since alinear voltage
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ramp is applied to the working electrode, the potential is a function of time. For

a single scan,

for0<t=\ E=E -bt (6.2.8)

fort >X\ E=FE, —2b\+ bt (6.2.9)

- where E; is the initial electrode potential, b is the potential sweep rﬁte. and A is

the time at which the scan is reversed.

The final boundary condition describing the system is the statement of the

material balance for reaction Aatx =0,

C (3C). . (aCk
Dp {_5-2-:—}- -Dp {—a;—} _ (6.2.10)

Nicholson and Shain solve the problem bf converting the differential equa-
tions into integral equations by taking the Laplace transform of equations 6.2.1 -
6.2.4 and solving for the transform of the surface concentrations in terms of the
-transform of the surface fluxes. ’I’hesé equations are then inverted using the
convolution theorem, and the surface concentrations of both species are

expressed in the form of an integral.

. - e 1 - L(T) dr
Cp(0,tY=C) -
0(0.t) 0 \/"DOJ; Vior (6.2.11)
| 1 ¢ f(Ddr :
Cp(0,t) =
7(0.t) \/nDRJ; Vi - (6.2.12)
where,
roen i) -5 eew

The boundary condition (6.2.7) can now be applied by dividing equation (6.2.11)

by equation (6.2.12) and eliminating the concentration terms. The resulting
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equation contains a single integral which has the flux of species O at the elec-

trode surface as its solution.

where

ff(‘r)d'r _ GV mDo
0 Vt—T 1+7esk(t)
D
7= (-DT?)
8 =exp [(nF/RT)(E} -E‘)]

g —o! fort =A

. Sx(t) = {e—qt-zﬂl fort >A

(6.2.14)

(6.2.15)
(6.2.16)

(6.2.17)

(6.2.18)

Theoretical current-potential curves were obtained by a numerical integration of

the integral. The current at a given potential (or time) is expressed as,

where

1=nFCo(nDyoc)¥ x(ot)

at=(ZENE-E) = (3 b ¢

(6.2.19)

(6.2.20)

The value of the dimensionless flux, x(ot), is obtained from tables published by

Nicholson and Shain and reprinted elsewhere[41].

A graph of the theoretical cyclic voltammogram in dimensionless form is

givenin Figure 6.2.1 as the dotted lines. The diagnostic criteria for reversible

charge transfer are given in terms of the maximum in the current function at a

potential relative to the polarographic half-wave potential'. These values are

given in Table 6.2.3.

In this case, Ey = E* + (RT/nF) In(Dgr/ Dp)%
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The extension of this theory to cyclic triangular wave voltarnmetry follows
from the same equations although the peak current and potential now depend

upon the switching potential.

Non- Unity Reéaction Orders

The application of the theory of Nicholson and Shain to reactions having
non-unity reaction orders is not a simple extension. Surface concentrations of
the oxidized and reduced species, set by the Nernst equation, are now raised to
powers defined by the reaction stoichiometry. This problem was treated by Shu-
man [42] using the approach of Nicholson and Shain to examine the éase of 2:1

and 3:1 reaction stoichiometries. Consider the general case,
mO +ne—~ qR ' (B)

In the bulk solution diffusion is still the only form of mass transfer so the govern-
ing equations (6.1 and 6.2) remain unchanged. But at the electrode surface the
concentrations of Q0 and R are set by their equilibrium values. Therefore the sur-

face boundary condition becomes

-m)C,(0,t)m |
psv[c}?[(oglpf;)]q)] = exp [%{E‘E")]_ (6.2.21)

The term p, represents the solvent density and the concentrations are given in
units of moles per cc. The initial conditions (equations 6.2.3 and 6.2.4) are the
same as i.hose used for the 1:1 stoichiometry model. Therefore the integral
equations describing the surface concentrations as a function of time (6.2.11 and
6.2.12) are still valid. But when these are substituted into the Nernst equation, a

different integral equation is derived,

Vieo| ~ (6.2.22)
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t
(g/m )37 C35 ™ 55(t) — fr(”‘”
C(; \/ ™ Dp 0 t -7

Also, the material balance changes to reflect the stoichiometry,

aCo aCR 1
Stol__ ) R 6.2.2
9 [D" oz ] m [DR 3z | nF , (6.2.23)

Using a numerical technique similar to the one used by Nicholson and Shain,
Shuman solved this equation for the cases of a second order reaction (m =2,g=
1) and a third order reaction (m =3, q = 1). The results are given in the form of a
dimensionless current parameter, x(dt), for a range of values of (E -Ey) , where
E”'is the polarographic half-wave potential® and x(at) is given by equation 6.2.19.
A comparison of the cyclic voltammograms for each case is given in Figure 6.2.1.
The curves for the second an.d third order cases are lowgr and broader than those
for the first or‘der case. A comparison of the diagnostic criteria is included in

Table 6.2.3.

2Here, £y = E° — (RT/nF)[qln(yq/m) + (g = m)InG;)
wherey = (DO/DR)”.
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Table 6.2.3 Diagnostic Criteria for Single Voltammmograms

O+ne-- R
(Nicholson &
Shain [37])

20 +ne"-R
(Shuman [42])

30+ne~-- R
(Shuman [42])

Peak current

0.4463 0.3533 0.3033
rkx(at)
Peak potential -28.50 -36.0 -49.8
n(Ep - E'”) (mV)
ig/ic 1.0 1.09 - 1.16
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6.3. THEORETICAL MODEL

To simulate the .results of the cyclic voltammetry experiments of Kl in PC
(see section 6.4) a theoretical model was developed in collaboration with M.
Matlosz[43]. The distinguishing feature of the voltammogram obtained for a Kl
solution in well-supported PC (see for example, Figure 6.4.13) is the presence of
two electfon transfer steps separated by approximately 440 mV. The position of
the first peak is weakly dependent on the rate of the po't.ential sweep in contrast
to the second peak whére the position is independent of the potential sweep rate
up to 1 V/sec. The fact that the likely anodic reactions of iodide do not have 1:1
stoichiometries means that the previously published theoretical models for

cyclic voltammetry cannot be applied here.

Three possible reaction sequences were considered. The model which
showed the best correspondence to the experimental data is listed here as "Case
III", but the results of the earlier models (Cases I and II) are included to docu-

ment different approaches.

In the first case, "Case I”, iodide is oxidized to form iodine in the first elec-
tron transfer step. Then the electrogenerated iodine diffuses into the solution
and reacts with iodide to form triiodide in a homogeneous chemical step. At the -
higher potential, triiodide is oxidized to iodine. All electrochemical steps are

assumed to be reversibie,

The second mechanism, CaseIl, is based on the assumption that the forma-
tion of triiodide occurs on the electrode surface rather than in the solution. We
assumed that this heterogeneous chemical step is rate limiting but not potential
dependent, and that the second electrochemical reaction is reversible. In con-
trast, in the third possible mechanism, Case ll], the effect of a slow, or rate limit-
ing electrochemical reaction for the first peak is considered but the condition of
reversibility for the second reaction is retained. The mathematical description

of these cases is summarized in Table 6.3.1 and discussed in detail in this
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section. Two different solution techniques were used; finite difference and super-

position integrals.

6.3.1. Case I: Homogeneous Formation of Triiodide

Fick's second law is the starting point for the theoretical description of diffusion

of the reacting species to and from the electrode. If triiodide is.produce-d by the

reaction of iodine and iodide in the solution adjacent to the electrode surface, an

additional term is included in the Fick’s Law expression to account for the reac-

tion. The governing equations for the three species, iodide, iodine and triiodide

are given as, -

where

We assume that all species have identical diffusion coefficients.

The simplest assumption about the electrode kinetics is that electron

2
u}_Daq_
at ~ 7 aze

3cy, - a2cy,

- [k C-Crp = k8 €. ]

- [k§ ¢ — kEC,]

at az?
2

aC, , a2,

at ax?

k}

kg

) | .
K= ;§-= p—lo-exp[z%ﬁ;r(ﬂ -]

+ [k} CI_C‘;,2 - k¢

rate constant for forward chemical reaction -

rate constant for reverse chemical reaction

(6.3.1)

(6.3.2)

(6.3.3)

(6.3.4)

transfer is extremely rapid and the reactions are reversible. In this case the

condition of chemical equilibrium sets the concentrations of two of the three

species at the electrode surface. The boundary conditions at the surface (x = 0)
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are given by the Nernst equations for each reaction.

RT. Po Clz
E=EF + —ln——r1r (6.3.5)
nFtoCL2
C 3
RT £
E:E'§+——lnan C 2 (6.3.6)
o Is—

In addition, by the restriction that there be no accumulation of iodide species at
the surface (such as adsorption), a balance on iodine atoms fixes the concentra-

tion of iodide.

aC,_ 3C; aC,_
L s2—=24+3—=0 (6.3.7)
ez 0z iz

The initial conditions of iodine and triiodide are set to their equilibrium concen-
trations at the initial potential, E;, and the initial concentration of iodide is C°.

The potential is a function of time; for a single anodic sweep,

for0O<t s\ E=E, +bt
fort >\ E=FE +2b\~bt

The parameters used in the model are listed in Table 6.3.2. Of this set, E§,
E3. and kJ were fitted from the experimental results. The terms E;, E,, b, and C*
were set by the cénditions of the experiment, and the electrode area, A, and the
average diffusion coefficient, D, were determined by potential step experiments

(see section 6.5).



107

Table 6.3.2 Parameters for Model

Symbol Parameter Comments
E; Initial Potential Set
E, | Reversal Potential Set
£ Reversible Potential Fit

of Reaction 1 {/~/ [3)

E3 Reversible Potential Fit
of Reaction 11 (/5 /13)

b Sweep Rate Set
1',‘.’.,. Reference Exchange Fit

Current Density

c’ Initial Concentration Set
of lodide

Because equations 8.3.1 to 8.3.3 are nonlinear, the problem was solved
numerically using a finite difference technique combined with time stepping.
The kernel of the program was the "BAND" routine, a program developed by J.
Newman[44] to solve coupled linear ordinary differential equations by a generali-
zation of the Thomas Method. Nonlinear equations were solved by iterating a Tay-
lor series expansion about a trial sclution. Details of this progvram are available

elsewhere[45].

In this case the solulion to the set of differential equations is the concentra-
tion of iodide, triiodide, and iodine as a function of the working electrode poten-
tial and the distance from the electrode surface. The current is calculated from

the gradient of the concentration at the surface. Figure 6.3.1 illustrates the
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variation in the concentration distribution of the reacting ion (iodide, in this
case) during the course of a single sweep of a cyclic voltammetry experiment for

the reaction,
3/~ I3y +2e- _ (8.3.8)

Here the reduced concentration, C/C", is the fraction of the initial concentra-
tion of iodide and the dimensionless distance from the electrode surface is

defined by,

-z
A/ DRT - (6.3.9)
nFb ’ '

The position on the voltammograrn'correspondivng to each curve is shown on the

y:

inset figure. Initially, the concentration of the iodide, C®, is uniform throughout
the cell (curve 1). As the potential is swept in the anodic direction, the surface
concentration of iodide drops (curve 2) until it is effectively zero. At this point
the current, limited to the rate of diffusion of the reacting ion t§ the electrode
surface, starts to dro.p and the boundary layer grows into the solution (curve 3).
¥hen the current changes from anodic to cathodic, iodide is produced at' the
electrode, the concentration rises at the surface, and a minimum appears in the
pfoﬁl’e (curve 4). Eventual-ly the concentration at the electrode reaches the ini-

tial value and the position of the concentration minimum moves away from the

electrode.

Results

To test the model, the case of 1:1 stoichiometry for a single reaction was
solved first and compared to the resuits of Shuman (see section 6.2.2). The com-
parison for the anodic sweep, given in Figure 6.3.2, shows that the results are

identical.
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Figure 6.3.1 Concentration profiles of reactant (A) in a single voltammetry
sweep for the reaction A+ B + e~ . The initial concentration is uniform

at C° (1). Concentration profiles are shown before (2,3) and after (4,5)
the switching potential.
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Figure 6.3.2 Comparison of Case I (solid line) to the results of
Shuman [42] (cross marks).
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Simulations of cyclic voltammograms for two values of k; are shown in Fig-
ure 6.3.3. The results were insensitive to the value of the rate constant for the
forward reaction. When the value of k, is infinity, the simulated voltammogram
reflects the fact that iodine cannot exist in the solution phése. Because there is
no reactant available for reduction when the potential sweep changes direction,
| th_e cathodic peaks are.st.ron.gly attenuated. These results indicate that the
effect of'é homogeneous reaction is overshadowed by the restriction of chemical
equilibrium at the surface. In the case of a very fast reaction, the shape of the
voltammogram is determined by diffusion efTfects and the surface concentration
of the reactants and products. Because the model incorporates reversible
behavior for both electrode reactions, the position of the peaics remains

unchanged for any value of k, or sweep rate.

8.3.2. Case II: Heterogeneous Formation of Triiodide

An alternative explanation is that triiodide is formed on the surface of the
electrode rather than in the solution. In this case, the chemical reaction can be
rate limiting and independent of potential. The governing equations are now
unmodified .Fi'ck's second law expressions for each species and the boundary con-
ditions at the surface chahgé to reflect the effect of the chemical reaction. The
Nernst equation for the first reaction is replacevd by a rate equation based on the -

surface concentrations of the three species.

aC,

- _ . ,
D——=k; Gl =i Cp. (6.3.10)

Here kj and k, represent the rate of the forward and reverse reactions. respec-

tively on the electrode surfaced.

3 Note tha: a Nernst equation for reaction 1 is not included as a boundary condition. This would
over-constrain the problem; if both reactions are at equilibrium, the intermediate chemicel reaction
maust be also at equilibrium. :
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Figure 6.3.3 Simulated voltammogram for Case I. Solid line:
k:=0.001 1/mol-sec. Dotted line: k= .
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Since the governing equations are linear, the problem was solved using
superposition integrals (Duhamel’s method[46]) to determine numerically the
value of the current at each time step during the potential sweep. (For further

details of calculation procedure see reference [43].)

A simulation of a "window opening” experiment (see section 6.4.2) is shown
in Figu‘re 6.3.4. Voltammograms for anodic potential scans up to 1.8 V show the
change in peak shape and size as a function of switching potential for a forward
rate constant of 10 cm*/moles —sec. Because the first electrochemical reac-
tion is limited only by the rate of the intermediate chemical reaction, the posi-

tion of the current peak does not change with sweep rate.

8.3.3. Case III: Slow Electrochemical Formation of Triiodide

Experimental shifts of peak current for the first electrochemical reaction,
either as a function of sweep rate or switching potential, indicate that the charge
transfer may be a relatively slow step. When the triiodide is formed directly in a
slow electrochemical step (no intermediate step), the governing equations do not
change but the boundary condition on iodide and triiodide at the surface ie

replaced by a general Butler-Volmer rate equation. The reaction scherhe,

3"~ I3 +2e~

2[3_*3124'22-

is analyzed here. The surface boundary condition on iodide is given as,

C

3
ac 3 ce - V. = -
1- _ Slores ! Q=-BmFv, 175 =BnkV 8.3.11
D oz - 'n-F [(:o] exp[ RT ] Co exp[ RT ] ( )

Here the symmetry factor, 8, represents the fraction of the applied potential
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Figure 6.3.4 Case II. Simulation of "window opening experiment'". Scans

have anodjc switching potentials of 1.0, 1.2, 2.4, and 1.8 V. Rate constant
is 10" cm /mol sec. '
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that promotes the cathodic reaction, i, ¢y is the exchangé current density at a

reference concentration?, and Vis (E — E,¢ ).

The effect of adding a charge transfer resistance for the first reaction
reduces the peak currents and shifts the cathodic peak. Figure 6.3.5 illustrates
the effect of 8 on the cyclic voltammogram. As the value of 8 decreases, the posi-
tion of the anodic peak.moves in the direction of the reversible case while the

~cathodic peak diminishes in height and shifts away from the reversible potential.
The effect of 4, .4, on the shape of the voltammogram is demonstrated in Figure
6.3.6. Smaller values of the exchange current shift the peaks away from the

equilibrium potential and decrease the peak currents.

‘%5 res isdefinedar C,_ = CIS' =C*
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Effect of B on Cyclic Voltammogram
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Figure 6.3.5 Case III. Sensitivity of simulation the value of B.
The exchange current is constant for each curve,
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Effect of i on Cyclic Volfommogrc:m
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Figure 6.3.6 Case III. Sensitivity of simulation to the value of 10.
B is constant at 0.2 for each curve.
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6.4. CYCLIC VOLTAMMETRY EXPERIMENTS

Two different types of cyclic voltammetry experiments were performed to
chAracterize the electrochemical oxidation of the halides in PC. The majority of
the work was done using conventional voltammetry experiments. However to
independently confirm the chemical reactions postulated from thevresults of
these experiments. spectral electrochemical measurements done simultane-
ously with cyclic voltammetry experiments were performed to confirm the iden-

tity of the species produced at the electrode.

6.4.1. Experimental Methods

Electrochemical Cell

The design of the electrochemical cells used for the voltammetry experi-
ments was based on & design developed by C. Balfe [47], employing a single com-
partment glass with a platinum counter electrode embedded in the bottom of the
cell. A'schematic drawing of the cell is given in Figure 8.4.1, and pictured in Fig-
ure 6.4.2. The cell was arranged so that the working electrode was oriented fac-
ing downward across from the counter electrode. Five cells were made using the
same specifications so that background current measurements or experiments
with different solutions could be performed at the same time. _Although most of
the experiments were done with these cells, early work employed a two-
compartment cell pictured in Figure 6.4.3. A platinum foil electrode served as a
working electrode, and the counter electrode was a platinum screen. However,
the same reference electrode was used. Because the area of the working elec-
trode was about 2 em? much larger currents (mA fange) were obtained in this
cell. All experiments were performed in the glovebox under a helium atmo-

sphere.
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Reference Electrode

‘Working Electrode

T

XBL 847-3079

Figure 6.4.1 Schematic-drawing of voltammetry cell. A platinum wire
is imbedded at the bottom of the cell to serve as a counter electrode.
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Figure 6.4.2 C(Cells and reference electrode in the glovebox.
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gide view of the two-compartment cell.

Figure 6.4.3
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Before each experiment, the cells were cleaned using the following routine;
i) soak in alcoholic KOH
ii) rinse and soak in distilled water

iii) dry under vacuum at 150 ° C

FReference FElectrode

Conventional reference electrodes such as sxlver/sxlver halide, calomel, or
mercurous halides could not be used in PC solutions because these salts dlspro-
portionate to form soluble complexes in PC.[48] For this reason, a thallium
arnalgem/t.hallium halide reference was used for all the cyclic voltammetry
- experiments. The design and construction of this electrode is similar to that
described by Baucke and Tobias[49]. The electrodes were constructed by filling
glass cups with approximately 2 ml of a saturated thallium amalgam. This |
exposed about 1 cm? of l;netal surface area. Thallium wire (Alfa-Ventron, 1/8"
wire, 99.999% pure) and triple distilled mercury (Ballards, Quicksilver products,
SF) were used to prepare the amalgam inside the glovebox. It was prepared by
first "washing” the thallium with dry PC until the surface was shiny and free of
surface oxides, and then dissolving the clean wire in a pool of mercury. Using
weight measurements. an amalgam containing 16 weight percent thallium was
produced. The amalgam was filtered through a pinhole in dry glass fiber filter

paper before use.

Thallium jodide and thallium bromide were used as received (ultrapure, Alfa
Products) after drying at 150 - 200 ° C under a 1u vacuum. After fhe dry salt was
ground to a fine powder inside the glovebox, a small amount was transferred to
the surface of the amalgam. When the electrode was tapped, the surface became
completely covered with a thin adherent layer of the salt. These electrodes were
then 1rnmersed in PC solutions containing the supportmg electrolyte (usually
0.5M KAsFe ) and allowed to "age” for several hours to permit the solution to

become saturated with the salt. A cup electrode and a reference electrode
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chamber are shown in Figure 6.4.4. Electrodes prepared in this way gave repro-
ducible voltages when measured against each other (bias potentials of less than
0.5 mV). The open circuit potential versus a freshly scraped potassium electrode

was found to be 2.14V. This potential was stable for several hours.

The reference electrode compartment was connected to the cell by a short
length of Teflon tubing (Kontes Glassware). The tip of the tubing was located at
the edge of the electrode by Teflon rings. The assembled reference electrode,

working electrode and cell is shown in Figure 6.4.5.

Working Flectrode

The working electrode was a planar platinum diéc embedded in glass. It was
constructed by melting the tip of a platinum wire to form a bead, encasing the
bead in uranium glass to form a seal, and cuttihg the assembly with a diamond
wheel to expose a circular cross-section of the platinum. This précedure was

suggested by Majda[50].

Electrolyte Preparation

All solutions were made in the glovebox using propylene carbonate purified
as described in section 2.2. The salts, Kl and KBr (Mallinckrodt Chemicals,) and
KAsFg (Alrfa-Ventron) were analytical reagent grade. The KI was recrystallized
from distilled water anld all salts were dried under vacuum (approximately 1
um Hg) at high temperature for several days. Solutions were prepared by weight
and the concentration was checked by titration with silver nitrate®. To avoid
heating the PC, concentrated solutions were prepared by first chilling the PC to
near 0°C and adding the salt slowly to the solvent while stirring continuousl.y. |

Solutions prepared in this way were clear and colorless after filtration.

S Titretions were performed by the Microenalytical Laboratory, College of Chemistry, UCB.
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Figure 6.4.4 Thallium iodide/thallium amalgam reference electrode
and platinum working electrode.
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Figure 6.4.5 Fully assembled cell and reference electrode.
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KAsFs was used as a supporting electrolyte for all voltammetry experiments.
The conductivity of this solution is 5 X 10~3(ohm —crn )~! measured as described

in section 5.3.

Mhstrumentation

Electrode potentials were controlled by a potentiostat (Princeton Applied
Research, Model 173 Potentiostat and Model 178 Current Follower) driven by a
function generator (Princeton Applied Research Model 175). The data were col-
lected with a fast (1 u-sec/point) digital oscilloscope (Nicolet Model 4094) for fast
sweeps or an XY fecorder (HP Model 7046B with a time base) for slow sweeps. The
oscilloscope was interfaced to a small desktop computer (HP 9825A) which was
connected to peripheral equipment (HP 9885M disc drive, HP 9862A plotter) used
to store and plot the data. In this way voltage scans taken at sweep rates up to 20
V/sec were measured. The data acquisition equipment is pictured in Figure

6.4.6.

Software to transfer data from the oscilloscope, store it on floppy disc and
plot the data were written for cyclic voltarnrrietry and potential step experi-

ments. These programs are described and listed in Appendix A-2.

6.4.2. Results

Background Voltammetry Scans

The total current at the working electrode can include contributions from
undesired éources such as electroaclﬁve impurities iny the solution or capacitive
effects of the double layer. To distinguish the current of the reacting ion from
these interferences, cyclic voltammetry scans were carried out with solution
containing only the supporting electrolyte salt, KAsFg. The scans were taken

over the entire voltage range used for the experiments. »



Figure 6.4.6 Voltammetry data acquisition instrumentation.
left to right: disc drive, plotter, computer, oscilloscope.

From
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Background voltammograms for scan rates from 100 mV/sec to 20 V/sec
are shown in Figures 6.4.7 and 6.4.8. These scans are largély featureless across
the full voltage range and the currents are always at least an order of magnitude

lower than those obtained with the electrolytes containing halides.

The fact that the background scans are flat across the full voltage range
indicates that the major contribution to the current is double layer charging.
The shape of the i-E curves for these background scans can be understood in
terms of a simplified model of the solution-electrolyte interface. (See, for exam-
ple, Bard[51].) A cell consisting of an ideally polarizable electrode and a reversi-
Ble reference electrode is approximated by an electrical circuit consisting of a
resistor and a capacitor, such as the one shown in Figure 6.4.9a. The terms, R,
and Cq4, represent the solution resistance and the double layer capacitance at
the ideally polarizable working electrode. The response of this simple circuit to
a linearly ramped (triangular wave) applied potential at a sweep rate b, is shown '
in Figure 8.4.9b. This.c':urrent. is given for the forward scan (time from E; to E,)
as,

i=b c¢+¥%-b C,)expﬁ:t-—cd— (6.4.1) |

where the first term is the steady state solution and the second term describes

the initial transient. At long times the solution reduces to,
‘i.., =pb Cd. (6.4-2)

Thus, the slope from a plof of ige vs. b gives an approximate value for the elec-

trode capacitance.

A plot of the average steady state current as a function of the sweep rate for
the background scans shown above is given in Figuré 6.4.10. From the slope of
the line, the value of the electrode capacitance was found to be 26 4 F/cm?2. This

is approximately the same value of the differential capacitance of a 0.5 M NaF
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Figure 6.4.7 Backgroun& scan for 0.5 M KAsF6 solution.
100 mV/sec.
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Figure 6.4.8 Background sweep at high sweep rates. Curves for 20, 10,
5, and 1 V/sec. Electrolyte: 0.5 M KAsF6
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Figure 6.4.9 Simplified model of the solution-electrolyte interface.

The response of the circiut (a) to an applied potential (b) is shown in
(¢) and (4d). . ’
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Figure 6.4.10 Dependence of average steady current in background scans
of the potential sweep rate. :
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(aqueous)/mercury interface.[52]

Once a value for Cq4 is known, the time necessary to charge the double layer
for a potential step can be estimated. For the circuit given above, the behavior

of the current resulting from a potential step of magnitude, E, is

i = £ oyp—L
1= Rs exp p (6.4.3)

where 7 = R,Cq. Thus the current for charging the double layer drops to 37% of
it's initial value at t = 7, and to 5% of the starting value at t = 37. For a solution
resistance of 1 ohm, and an electrode capacitance of 26 uF/cm?, the double

layer is 957 charged in 26 usec.

Decomposition Potential of KAsFg Solutions

The anodic decornposifion potential for a 0.5 M solution of KAsFgin PC was
determined by cycling sequentially to progressively more anodic potentials. The
anodic breakdown of 0.5 M KAsFg solution (2 x 1073 M KI) can be seen in Figure
6.4.11. The large anodic wave at 2.9 V is probably due to oxidation of the solvent.
The fact that there is no accompanying cathodic wave for this reaction indicates

that electroactive products are not formed.

Potassium depositién is the limiting reaction for a cathodic sﬁeep in the
same solution. The thermodynamic potential for potassium déposition versus a
thallium/thallium iodide reference electrode is -2.16 V. Experiments using a
potassium working electrode and a thallium/thallium iodide reference electrode
gave an open circuit potential of -2.18 V (= 10 mV). However, the potential for
deposition of bulk potassium is a function of the amouﬁt of impurities in the
solution. Figure 6.4.12 shows the voltammetry wave for the reduction and oxida-
tion of potassium in a relatively wet (~40 ppm water) solution. In this case the
wave corresponding to bulk potassium deposition is shifted to -3.45 V, reflecting

the difficulty of plating potassium onto a hydroxide covered surface.
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Figure 6.4.11 Anodic decomposition of KAsF6 solution in PC. Concentration
is 0.5 M.
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Figure 6.4.12 Cyclic voltammogram showing potassium deposition and

dissolution. Solution: 0.5 M KAsF6.



136

The accompanying anodic wave overlaps the cathodic trace which probably indi-
cates that a surface film is formed on the deposited potassium which slightly

increases the overpotential for potassium dissolution.

Window Opening Exrperiments

The oxidation of iodide in propylene carbonate is illustfated in Figure 6.4.13.
A sequence of voltammetry écans. taken by cycling each scan to progressively
more anodic potentials, traces out the important features of the iodide electro-
chemistry in PC. The most interesting observation from these results is that two
electrochemical reaction occur. Anodic and cathodic peaks are present for both
reactions. The peaks are denoted ] and Il, as shown on the figure, and the primes
indicate the cathodic peak. The anodic peaks are separated by 440 mV, and are
independent of the switching potential, but the cathodic peak separation

depends upon the history of the potential scan.

Sweep Rate Behavior

Additional information can be obtained from the change in peak potential
and current as the sweep rate increases. If the electrode reaction proceeds at a
rate faster than the transport of the reactant to the electrode surface, the peak
potential is determined only by the thermodynamic potential and is independent '
of sweep rate. Kinetic limitations are indicated if the peak poteritial shifts with
increasing sweep ratg. For reversible reactions, the peak current is a linear
function of the square root of the sweep rate. In addition, the width of the peak is
fixed for reversible reactions. The behavior of the cyclic voltafnmogram asa
function of sweep rate was investigated for scan rates up to 1 V/sec across the
full potential range. The first peak was examined in detail at sweep rates up to 20

V/sec.
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Figures 6.4.14 and 6.4.15 illustrate the effect of sweep rate on the shape of
the cyclic voltammogram. Sweep rates from 10 to 1000 mV/sec are shown.
These data were taken with the two compartment cell, and the solution concen-
tration was 4.0x 10°3M Kland 0.5 M KAng in PC. Brief observation reveals that
the position of the first peak (peak 1) is shifted slightly, and peak I is significantly
offset as the sweep rate is increased. In contrast, the position of the peaks for
the second electrochemical reaction are relatively independent of sweep rate in
this range. The peak shift is plotted as a function of sweep rate in Figure 6.4.16
for all four peaks. These figures confirm the observation: peak I shifts by 130 mV
between sweep rates of 10 td 500 iV /sec whereas ‘the shift for peaks Il and II' is

only 30 mV.

The theory of reversible reactions (section 6.2.2) describes the dependence
of the current on the sweep rate. The value of the current is determined by the
area of the electrode, the reaction stoichiometry, and the diffusion coefficient.

From Shuman's work (see section 6.2.2),

o JNrDenF
i, =nFAC [ 7T rx(at) b¥. (6.4.4)
Thus,
) i, = constant x b¥. (6.4.5)

The variation of peak current with the square root of the sweep rate is shown in
Figure 6.4.17 a-d. The results for peaks Il and II' must be regarded as qualitative.
Because the total current in this potential region includes a contribution from
the previous reaction, the baseline for peak Il is estimated by extrapolating the
tail of peak ], assuming that the current declines with the square root of time.
The same problem of determining a baseline exists for peak II'. Here the baseline
was determined by extending the baseline obtained just after the potential
switches direction. A semi-empirical procedure for determining these baseline

currents is outlined by Nicholsori[53] and these guidelines were followed. In view
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Figure 6.4.14 Effect of sweep rate. Scan is [0.6 V/1.8V/0.4 v/0.6 V].
(a) 200 mV/sec, (b) 100 mV/sec, (c) 50 mV/sec, (d) 20 mV/sec, and

(e) 10 mV/sec. Solution: 0.004 M KI, 0.5 M KAsFé.
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Figure 6.4.15 Effect of Sweep rate. Scan is [0.6 V/1.8 V/0.4 V/0.6 V].
(a) 1000 mV/sec, (b) 506 mV/sec, (c) 200 mV/sec (d) 100 mV/sec.
Solution: 0.004 M KI, 0.5 M KAsFG. :
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Figure 6.4.16 Shift of peaks as a function of sweep rate. (Data
form Figures 6.4.14 and 6.4.15).
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Figure 6.4.17 Dependence of pei’zcuriﬁat on square root of sweep rate.
(A) Peak I, slope: 0.12_ma-sec /mv='", (B) Peak I', slope: 0.08,
(C) Peak II, slope: 0.06, (D) Peak I1', slope 0.06.
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of thesé built-in inaccuracies the results for peaks Il and II' are surprisingly
linear (regression coefficients of 0.9921vand 0.9979, respectively). The theory is
based upon the initial condition of a uniform concentration of the reactant; a
condition which is almost certainly not met for triiodide at 1.2 V or for iodine at
the reversal potential--especially at high sweep rates. Apparvently'. the first and
second peaks are sufficiently separated to approximate this condition. By sweep-
ing about 150 mV past the second peak, the concentration of iodine in the boun-
dary layer becomes relatively uniform. Although one would expect identical
slopes for these two curvés, they differ by aboﬁt 147. The results for the anodic
and cathodic peaks for f.he first reactioﬁ (peaks 1 and I') are very different. Here
the slopes vary by an order of magnitude, indicating that the anodic reaction

probably proceeds via a different mechanism than the cathodic reaction.

The width of the peak.is also an indication of reversibility. Figure 6.4.18
shows how the width of peak ] varies with sweep rate. The value at the intercept
is 52 mV; from theory, Shuman predicts a va-iue of 52.25 mV for a 3:1

- stoichiometry.

Peak |

A series of voltammmetric experiments were performed to focus on_the elec-
trochemistry of the first peak. Figures 6.4.19, 6.4.20. and 6.4.21 show scans show-
- ing the changein the voltammogram of the first peak for sweep rates ranging
from 1 mV/sec to 20 V/sec. ’I'he‘se data were taken with the single compartment
cell using the oscilloscope to collect data. The change in peak current as a func-
tion of sweep rate is shown in Figure 6.4.22. In the upper curve the range
between 1 mV/sec and 500 mV/sec is shown; the linear range extends to about
200 mV/sec. From the slope of the curve, a diffusion coefficient of

2.0 x 10-8 cm 2/sec can be estimated®.

6 This number was calculated from equation 6.4.4 using a value of 0.0571 cm? for the area of the
electrode (see section 8.5). ’ '



120|[|||]l.|l]I|Il

— 1 T 7 T 7 1
e

Olllllll'l'lllllllllltll

-0 20 40 60 80 - 100 120 140 160 180 200 - 220

Sweep Rate (mV/sec)

 Figure 6.4.18 Change of peak width for peak I with sweep rate.
Data from Figures 6.4.14 and 6.4.15.

XBL 847-7736

AR



145

16 ] T T T 7 T T

14—
12

10—

Current (uA)
n
I

12 IR NN NS NOURN TNV EUO SN BSOS B S
: 02 =01 0 01 02 03 04 05 06 07 08 08 10 17

Applied Potential, V-¢,,, (voits)

XBL 846-7164

Figure 6.4.19 Sensitivity of Peak I with sweep rate. (a) 20 mV/sec,
(b) 10 mV/sec, (c) 5 mV/sec, (d) 2 mV/sec, (e) 1 mV/sec. Solution:
0.005 M KI, 0.5 M KAsF_6.
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Figure 6.4.20 Sensitivity of Peak I with sweep rate. (a) 1000 mV/sec,

(b) 500 mV/sec, (c) 200 mV/sec, (d) 100 mV/sec, (e) 50 mV/sec.



147

Curmrent (uA)
N\

200 L b | ! R ! L | | 1 !
%2 -1 00 01 02 03 04 05 06 07 08 09 10 1

Applied Potential, V-¢,, (voits)

XBL 846-7165

Figure 6.4.21 Sensitivity of Peak I with sweep rate. (a) 20 V/sec,
(b) 10 V/see, (c) 5 V/sec, (d) 2 V/sec.
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Figure 6.4.22 Change in peak current for Peak I as a function of the
square root of sweep rate. (A) Slow sweep rates. Range is 1 mV/sec to
500 mV/sec. (B) Range is 1 mV/sec to 20 V/sec.
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The irreversibility of the first peak is be related to the state of the electrode
surface. Figur;e 6.4.23 illustfates the shift of this peak with the reversal poten-
tial. The peak appears in the same position at switching potentials of 1.7 and 1.9
V. but when the potential sweep reverses at 2.1 V or greater, the position of the

cathodic peak moves in the cathodic direction.
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Figure 6.4.23 Effggt of switching potential on position of Peak I'.
Solution: 4.3 x 10 " M KI, 0.5 M KASF6.
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6.5. PARAMETERS FOR MODEL .

Potential step experiments were used to determine the area of the elec-
trode and the diffusion coefficient of iodide in PC. The mathematical description
of the current response to a potential step at a planar electrode in a stagnant
solution is the Cottrell equation. Under the assumption that a single electrode
reaction occurs (R - O+ ne-), and that the potential step is sufficiently positive
to assure that the surface concentration of R is zero, the current as a function of

time is given by [54],

nFAD¥Cg

—— 6.5.1
amkth ( )

i(t) =

This relationship was used in two different ways in this work. To determine the
electrode area, potential step experiments were done in aqueous electrolyte
using the Fe*2/Fe*3 couple which has a known diffusion coefficient. To deter- |
mine the diffusion coeflicient of I~ in PC, potential step experiments were done in

iodide solutions in PC.

Determination of Working Electrode Area

Three different values for t.hé area of the working electrode were measured.
The smallest possible area i.s the ﬁrojecte_d area. This was measured by photo-
graphing the electrode through' the aperture of a light microscope. Under 10X
magnification, the electrode appears slightly oval; the 'projéct.ed area was deter-

mined from the lengths of the major and minor axes to be 0.0571 cm?2.

In contrast to the projected area, the largest value of electrode area for an
electrochemical experiment is the area available for adsorptién. This value was -
determined by using the same electrode to perform a series of cyelic voitam-
metry experiments in 0.5 M H,S0,4. The electrode was pre-treated by the method
described earlier, but an additional step of soaking for 30 minutes in nitric écid

was included. Because these were aqueous experiments, the electrode was not
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dried, but used after repeated rinsing with distilled water. Before each experi-
ment the electrode was cleaned as suggested by Gileadi et. al.[55]. This consists
of several steps. First, the electrode is abraded with powdered alumina (0.3 w)
for about one minute on a polishing wheel. After rinsing with distilled water, the
electrode is electrochemically pre-treated in 0.5 M H;S0,. The potential (con-
trolled versus a Hg /HgSO, reference electrode) is set to +1.8 V (vs. RHE) for 10
seconds to oxidize impurities. ltis then held at +1.2 V for 30 seconds to remove
oxygen formed at the higher potential. and switched to +0.05V for 30 seconds to
reduce surface oxides formed in the last step. This procedure is repeated
several times. Figure 6.5.1 shows the voltammogram obtained after the pre-
treatment. The area ott the electrode available for adsorption was determined by
integfating the charge passed between -0.68 V and -0.4 V (vs. Hg /HgSO,. Assum-
ing that the hydrogen charge corresponds to a monolayer, and that 200 uC
corresponds to a square cm on polycrystalline platinum[56], the areais

estimated to be 0.117 cm?2.

The third measurement of electrode area was made by potential step experi-
ments. This corresponds to the projvected geometric area for electrochemical
reaction and is the valué used in the voltammetry simulations. The experimen-
tal cell and electronics are those used in the cy‘clic voltammetry experiments.
Software to collect and redﬁce the data for the potential step experiments is
given in Appendix A-2. The experiment is illustrated in Figure 6.5.2. The oxida-
tion wave of a 5 mM solution of K,Fe (CN)g appears at 0.80 V (vs. Hg /HgS0, refer-
ence) as shown in Figure 6.5.2 a. A Cottrell plot for potential steps between -0.46
Vand 1.4 Vis given in Figure 6.5.2 b. From the slope of the line, and a diffusion |
coefficient of 0.739 x 1073 em?2/sec[57], the area of the electrode is calculated to
be 0.071 cm?2. This value falls between Lhe adsorbtion surface area and the pro-

~

jected area.
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Figure 6.5.2 Potential step measurement to determine electrode area.
(A) Voltammogram of K,Fe(CN)_  (0.005 M, aq). Potential is referenced to 4

Hg/HgSO, electrode. (B) Cottrell plot for potential steps between -0.46 V
and 1.4V,
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Determination of Diﬁuéion Coefficient of Jodide

Using the same electrode and cell, potential step experiments were done in
a series of solutions of ic;dide in PC. The experiment is illustrated in Figure 6.5.3.
The voltammogram in Figure 6.5.3 a shows the position of the two peaks for a
solution of 6.7 mM Kl in a supported (0.5 M KAsFg) PC solution at'a sweep rate of
100 mV/sec. The current transient for potential steps from 0.0 to 1.0 V for vari-
ous time scales is shown in Figure 6.5.3 b. From these curves, the current as a
.functio.n of the inverse square root of time is plotted, as shown in Figure 6.5.3 c.
Because the stoich_iometry of this reaction is 3:1, for a given current the flux at
the electrode is three times that for a 1:1 reaction. Accordingly,

nFADR”C;{»

slope =
P 3k

Using the superficial area of 0.0571 cm?, the diffusion coefficient of iodide is

found to be 4.0 x 10™® cm?/sec.

Relatively few studies of diffusion of electrolytes in nonaqueous solvents
have been reportevd. (In Janz and Tomkins' two-volume, 2000-page compendium |
of nonaqueous data[58], five pages are devoted to diﬁusion studies.) Thus, it is
difficult to assess the validity of this measurement. Popovych and Tomkins[59]
report diffusion coefficients for iodide and triiodide in DMSO and two different
aqueous solutions. These values are listed in Table 6.5.1. Included in the table
are diffusion coefficients reported by Nakanishi and Furusawa [680] for iodine in
TEF and 1,4 dioxane and for Kl reported by Janz and Tomkins[61]. As a general
rule, the product of thg viscosity and the diffusion coefficient is approximately
constant for a given solute. Obviously, this does not account for specific interac-
tions such as hydrogen bonding or for the variation in the donor/acceptor pro-
perties of the solvents. These "reduced diffusion coefficients” are given in the
laét column in Table 6.5.1. All values for iodide fall between 2.2 and 4.5 x 1071¢

dynes/deg. An average value is 3.2 x 10710 dynes/deg which is approximately
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Figure 6.5.3 Potential step measurement to determine the diffusion
coefficient of iodide in PC.
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the value in formamide. Assuming that this constant is valid for PC solutions, the
"calculated” diffusion coefficient for iodide in PCis 3.9 x 108%cm?2/sec. This com-
pares favorably with the rneasured value of 4 x 1078cm?/sec. Itis also interest-
ing to note that the ratio of the diffusion coefficients of iodide to triicdide
(approximately 2:1) is the same in DMSO, aqueous KI, and aqueous sulfuric acid
solutions. If we assume that the same ratio holds in PC, the diffusion coefficient

of triiodide in PCis approximately 2.0 x 10f°cm2/sec.
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Table 6.5.1 Diffusion Coefficients of lodide, Triiodide, and lodine

Solute Solvent Mo D Ref. %"L
(Donor No.”) . (cp) | (108%cm?/sec) (10'°dynes /deg)
Iodine THF 0.48 0.235 [59] 3.8
(=0)
Iodine 1,4 Dioxane 1.19 9.6 [59] -
3.8
(14.8)
Triiodide | DMSO (.8M KC10,) | 1.96 3.7 [60] 2.4
(30)
Triiodide Water - 4.2 {60] -
(1.0 N H,S0,)
Triiodide Water - 11.3 [60] -
(0.1 M K1)
lodide | DMSO (.8 M KCI0,) | 1.96 6.9 [60] 45
‘ (30)
lodide FA | 3.03 3.0 [59] 3.3
(24) |
lodide NMF 1.85 4.7 [59] 2.6
(26.3)
lodide DMF 0.796 8.3 [59] 2.2
 (27.8)
lodide 1N H,S0, (aq) - 8.1 [60] -
Iodide 1.5 M K1 (aq) - 22.0 - [60] -
Iodide PC 2.5 4.0 This 3.4
' (15.1) work

7 All velues for solvent donor numbers are from Gutmann[62).
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6.6. COMPARISON OF MODEL AND EXPERIMENT

A matherﬁatical model for an experiment is useful because it provides a test
of our understanding of the underlying physical processes which govern the
results of the expefiment. For example, if only one electrochemical reaction
occurs in a cyclic voltammetry experiment, correlations available in the litera-
ture for peak width'. half-wave potential, and peak current can help provide an
understanding of the electrochemistry. However, even for a relatively simple
problem such as the cyclic voltammetry of iodide in PC, it is very difficult to jus-
tify the shape of the curve without a detailed understanding of the surface con-

centrations of the three species involved.

In this section, simulated voltamrnog'rams based upon the models of the
electrode processes-présented in section 6.3 are compared to experimental
- results taken at a sweep rate of 100 mV/sec. From these comparisons, a number
of conclusions are drawn aboﬁt the mechanism of the overall reaction, the rate
of the electrochemical steps, the accuracy of the independent parameters, and
the vaiue of the dependent fitting parameters. A strongér test of the model is to
try to predict the s.hape of the voltammogram at higher sweep rates using the
fitting parameters determined. at 100 mV/sec. The results are described below. '

The physical models are summarized in Table 6.3.1.

Model I

The case of reaction of iodine to triiodide in the solution adjacent to the

_ electrode was consideredvﬁrst. Figure 6.6.1A shows the results of an experiment
at é sweep raie of 100 mv/sec compared to the simulation. The rate constant for
the chemical reaction used in the simulation is given as 1 x 1072 1/mol-sec and
values for E§ and E8 were taken from the literature {63]. Three rnajor discrepan-
cies exist between the model and the experiment. These include: (i) the peak

separation is incorrect, (ii) the current at the end of the anodic scan is too low
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in the simulation, and (iii) the model incorrectly predicts the behavior .of peak I',
the reduction of triiodide to iodide. Figure 6.6.1b shows essentially the same vol-
tammograms, except that the values of E$ and E§ were adjusted to ﬁt; the curve.
In this way we obtain Qalues of 865 mV and 1265 mV for E§ and E§ respectively.
The failure of the model to describe peak I' indicates that either the rate of the
electrochemical reduction of iodine to iodide is slow, or that the preceding
chemical reaction, the dissociation of triiodide to iodide and iodine, is slow. The

latter case is explored as model 11

Model IT

In section 6.3.2, the simulation of a voltammograrh based upon a rate limit-
ing chemical reaction on the electrodg surface was shown. A single fitting param-
eter, k,, 'confrols both the rate of the chemical reaction and the rate of the first
electrochemical reaction. The rate constant kf' provides-a fitting parameter
which changes the height of the peak I', but beéause we still assume that the
e-lectrochérnical rgaction is reversible, the position of the peak does not change

with sweep rate.

Model IIT - B

The best fit of model IIl and the experimental data is shown in Figﬁre 8.6.2.
‘The parameters used in the model are listed in the figure caption. The most seri-
ous error appears near the end of the anodic sweep. This discrepancy is due to
unsubtracted background currents from the supporting electrolyte solution (see

ﬁgure 6.4.8) which are high in this potential region.

The parameters given in Figure 6.6.2 are not necessarily a unique set. The
fit shown here was made by considering the precision with which each of the
parameters is known. Good estimates of the iodide diffusion coefficient, the area

of the electrode, the solution concentration, and the equilibrium potential values



162

Current (microAmps)

15
107 Experimental
S
Simuiated
T - V
-5 3
-10 - \ | — i ] 7 1 ]
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Applied' Potential (volts)

XBL 847-7739

Figure 6.6.2 Best fit of model III and experiment. The experiment is
described in Fizure 6.6.1. Sigulation parameters: E,°=0.§(0 v,

E,® = 1.265V, C .= 2.5 x 10 " mols/cm”, area = 0.0571 cm , all
diffusion coefficients are 2 x 10~ ° cm /sec, sweep rate is 100 mV/sec,
1, = 6.5 x 1073 A/cm?, 8 = 0.2.
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for the two reactions were made from experiments or from reported literature
values. However, small changes in thesle values (within experimental eri‘br)
allowed us to fit the curve much more closely. The parameters g and i, are truly
unknowns. (The sensitivity of the model to the last two pérameters is shown in
Figures 6.3.6 and 6.3.7.) Small changes in a single parameter such as the
diffusion coefficient induces changes throughout the voltammmogram. Thus, to
obtain a quantitati\)e understanding of the sensitivity to all of these parameters.
a multi-variable regression analysis should be conducted. However, because the
model includes several sirriplifying assumptions, (mvigration and convection

effects are neglected, for example), the work is probably not warranted.

Another assumption in the model is the equality of all diffusion coefficients.
It can be seen in Figure 6.6.2 that this is not a severe restriction. As noted in sec-
tion 6.5, the diffusion coefficient of iodide is probably twice the diffusion

coefficient of triiodide.

Simulated Sweep Kate Behavior

Figures 6.6.3 and 6.6.4 show the model simulation of the experiments given
in figures 6.4.14 and 6.4.15. An additional term was included in the model to
account for the higher ohmic drop associated with experiments done in the two-
compartment cell. However, because the experiment was done in a different cell
than the cell used to obtain data for fitting the model parameters, the simula.tion
does hot track the experirﬁen’tal curves exactly. In spite of this drawback, the
model qualitatively describes the the shape of the voltammograms including the |

cathodic shift of peak I".

In conclusion, by comparing the experimental cyclic voltammograms to
computer-generated simulations, we find that the data are fit best by a model
which is based on the assumption that reaction I follows Butler-Volmer electro-

chemical kinetics and that reactioh Il is reversible.
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Figure 6.6.3 Simulation of Figure 6.4.14 and 6.4.15 using model III.
Parameters are given in Figure 6.6.2.
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6.7. SPECTRAL ELECTROCHEMICAL EXPERIMENTS

In conventional cyclic voltammetry experiments, the identity of the reac-
tion products is inferred from the position of the half-wave potential, the number
of electrons transferred, and the stoichiometry of the reaction. If the reaction
products or reactants are active in the UV-visible range, spectral electrochemi-
cal techniques can be used to track the course of reaction and directly identify.
the products. In this case an optically transparent, thin-layer electrode placed
in the beam of a fast scanning spectrophotometer is used to provide spectral
information about the electrochemical products as a function of applied poten-
tial. Thus, the electrode reaction is monitored simultaneously via the electrode
current (as in a normal cyclic voltarnmetr_;/ experiment) and by the UV-visible
spectra. The goal of this set of experiments is to qualitatively confirm the reac-
tion mechanism of the oxidation of iodide in PC that was derived from the cyclic

voltammetry experiments. |

The technique was developed by by Hawkridge [64], and others [65] to com-
bine the advantages of thin layer electrochemistry (such as quantitative conver-

sion of reactants to products) with the benefit of an in-situ detection technique.

Thin-layer electrochemistry is performed in cells in which the reactant is
confined to a thin layer at the surface of the electrode. Several reviews of this
technique have been published [66], [67], Because the goal of these experiments
was solely to identify the reaction products, this technique was not used to its

full capability.

A schematic drawing of the experiment is given in Figure 6.7.1. The counter
and reference electrodes are located on the side of the workin‘g electrode. Light
from the spectrophotometer is transmitted through the optically transparent
working electrode to the detector. The potential at the working electrode is
ramped in a sawtooth wave at a rate of 1 mV/sec. A single spectral scan is corn-

pleted in one second, so the electrode potential changes by only one mV in the



167

COUNTER
ELECTRODE

WORKING
’ / ELECTRODE -

| .

LIGHT BEAM

XBL 845-8936

Figure 6.7.1 Schematic drawing of electrochemical cell containing
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the gold mesh electrode are shown. ' :
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time interval of one scan. Thus, each scan is essentially a "snap shot” of the

solution absorbance at a given potential.

6.7.1. Experimental Methods

Cell Design

The spectral electrdchemical cell was developed for experiments performed
by Carol Balfe to study the electrochemistry of manganese porphyrins in aceton-
itrile. Details of the cell design, materials of construction, cell preparatipn etc.
are available in her thesis.[68] The cell is pictured in Figure 6.7.2. The working
electrode is a fine (200 lines/inch, 0.1 mm thick, 78% transmission) electro-
formed gold mesh (Buckbee-Mears Co., St. Paul, Minn.). The counter-electrode is
a strip of platinum foil, located adjacent to the working electrode cﬁamber. The
reference electrode is the same couple used the cyclic voltammetry experi-

ments: thallium amalgam /thallium iodide.

Experimental Procedure

The cell is filled in the g{ovebox as follows: The amalgam is first injected into
a thin fritted tube and the entire assembly is fitted into a glass bulb which is
separaied from the working electrode chamber by a Hamilton valve . Solution is
introduced into the cell using a glass pipette to fill the cell and the reference
chamber with electrolyte. The cell volume is about 30ul. Before the cell‘ is
removed from the glovebox, a fine platinum wire into the amalgam is inserted
into the reference electrode chamber, and it is sealed by closing the Hamilton
valves. The wire is held in a ground glass stopper which was sealed with vacuum

grease. No problems from contamination were noted during the experiments.
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CBB 841-608

Figure 6.7.2 Experimental cell. Reference electrode is contained
in the bulb.
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The cell was calibrated using Methyl Red Dye in an acidic propylene car-
bonate solution[69]. From these measurements, the path length for the gold

minigrid electrode is 0.007 cm.

The electrochemical instrumentation was the same as that described in sec-
tion 6.4.1. A Hewlett-Packard Model HP 8450 UV /visible spectrophotometer
interfaced to an XY plotter (HP model 7225B) and a flexible disc drive (HP model
82901M) was used to measure, record and store spectra. A Data Precision model
3500 digital volt-ohm meter was used to monitor the potential between the refer-

ence and working electrode.

Extinction Coefficients

The UV-visible absorption of triiodide and iodine in PC is shown in Figure
6.7.3. The triiodide spectrum is taken from a solution of equimolar 2 x 107* F
iodine and Kl in PC. The iodine spectrum is for a solution of 0.15 F iodine in PC,
taken in the thin layer cell described above. To eliminate any triiodide formed
from the disproportionation reaction of iodine (see section 3.3) the working elec-
trode was held at 1 volt anodic of the thallium/thallium iodide reference elec-
trode. Triiodide absorbs in two sharp peaks at 292 and 363 nm. In contrast,

iodine absorbs in a broad band at 462 nm and has a smaller band at 290 nm.

To convert the spectral information into concentration data, extinction
coefficients are needed at the wavelength of maximum absorbance (Ap,y for each
species. This information, along with the path length of the cell specifies the

concentration as a function of absorbance according to Beer’s Law,
Absorbance =el C

where € is the extinction coefficient, "C" is the concentration, and "1" refers to
the path length of the cell. The extinction coefficient information was compiled
in connection with the study of PC stability in the presence of iodine (John-

son[70] ) and the details are presented elsewhere.
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Figure 6.7.3 UV-visible absorption spectra of triiodide and iodine
in PC. Triiodide solution: equimolar (2 x 10~4 M) iodide and
iodine. Iodine solution: 0.15 M. From reference [69].
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A compilation of extinction.coefﬁcients from Johnson is presented in Table
8.7.1. Triicdide absorbs very strongly in the visible range, with extinction
coefficients of 24,000 and 44,000 at 363 nm and 292 nm, respectively.. For exam-
ple, at 292 nm concentrations as low as 5 x 1078 M triiodide can be detected in a
1.0 cm cuvette. In contrast, because the extinction coefficients of iodine are low,

this technique is relatively insensitive to iodine concentration. .

Table 6.7.1 Ap.g and
Extinction Coefficients for lodine

and Triiodide in Propylene Carbonate
at 25°C

Molecule | €,1/mole-cm | Apay DM

59 (363 nm

lodine 837 (462 nm 4862
315 (293 nm

24091 (363 nm

Triiodide | 1053 (462 nm) | 363, 293
44881 (293 nm

6.7.2. Results

Figure B.7.4 shows the cyclic voltammetry scan 'for the oxidation of
6.7 x 103 M Kl and 0.5 M KAsFg in PC at 1 mV/sec. The potential sweep is initiated
at 0.5V (approximately open circuit poteﬁtial). switches from anodic to cathodic
at 1.7V, and switches from cathodic to anodic at -0.1 V. Despite the fact that the
cell geometry is completely different, the shape of the voltammogram is qualita-
tively the same as the corresponding conventional CV experiment reported in
section 6.4. The shape of the cathodic voltammogram is altered by spurious

background reactions probably due to to reduction of gold compounds formed
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Figure 6.7.4 Voltammetry scan of iodide solution (6.7 x 1073 u KI,
0.5 M KAsF6 in PC) taken in ‘thin cell.
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by reaction with iodine. The presence of these side reactions suggests that a pla-
tinum electrode would be a preferable electrode material for quantitative stu-
dies. However, since the goal of this experiment is to qualitatively confirm the
chemical species present as a function of potential, these side reactions do not

interfere.

The results of the experirhent are presentied in the form of a series of spec-
tral scans taken at 30 éecond (or 30 mV) intervals throughout the potent}ial
sweep. The first sweep, taken at open circuit, was stored and automatically sub-
tracted from all subsequent scans. The results are most clearly demonstrated in
a three dimensional plot of absorbance as a function of wavelength and potential.
Contour lines on Figure 6.7.5 show the appearance and disappearance of triiodide

during the anodic sweep from 1.04 V to 1.33 V.

A complete set of spectra for the entire voltammetric sweep is given in Fig-
ures 6.7.6 to 6.7.14. Figure 6.7.6 shows the first portion of the anodic sweep.
Except for a negative peak which corresponds to the disappearance of iodide (at
230 nm), little activity is observed until the potential reaches almost 1 V. From
1.03 to 1.34 V the triiodide absorbance increases monotohically with each scan,
showing a maxifnum at 1.24 V. From this point to the end of the anodic sweep the
triiodide absorbance decrea-ses. as shown in Figures 8.7.7 and 6.7.8. This
behavior is consistent with the oxidation of triiodide to iodiné in this potential

range.

The behavior of the iodine as a function of potential can be seen using a
more sensitive absorbance scale. Figures 6.7.8 and 6.7.9 show the development
of the iodine peak from a shoulder of the triiodide peak at 1.37 V to a single large
broad peak at 1.7 V, corresponding to the conversion of triiodide to iodine.
Unfortunatvely, the extinction coefficient of triiodide at 462 nm is of the same
order of magnitude as that of iodine so the iodine variation is not directly

apparent. To follow the change in concentration of iodine, the absorbance due
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to triiodide must be subtracted.

The reverse of the anodic scan is observed for the cathodic sweep. In Figures
6.7.10 and 6.7.11 the triiodide concentration increases for the portion of the vol-
tage sweep between 1.4B and 0.89 V. Then as the triiodide is reduced to form
iodide, from 0.86 V to 0.26 V, the triiodide peaks successively decrease (see Fig-
ure 6.7.12 and 6.7.13) until only absorbances characteristic of iodide dppear at

the end of the sweep (Figure 6.7.14).

The information presented above is summarized in Figure 8.7.15 in a plot of
the fractional conversion iodide to triiodide and iodine as a function of time (or
potential) throughout a single sweep of the cyclic voltarnmetry experiment. The
fractional conversion is defined as the concentration of the iodine species
divided by the concentration for 100% conversion to that species. Thus,

[Cc]

Fractional Conversion of Ig = 3[c

Fractional Conversion of I, =

where C* is the initial concentration of iodide. The concentration of iodine is cal;
culated by‘subtracting the contribution of triiodide at 462 nm. This figure illus-
trates the concentration changes during the course of the reaction as triiodide is
first formed from the oxidation of iodide, then oxidized to produce iodine. When
the potential sweep reverses, the iodine is reduced back to triiodide which is, in
turn, reduced to iodide. The slight dip in iodine concentration at 1.7 Vis prob-

ably due to the corrosion of the gold electrode by iodine.

In conclusion, the use of simultaneous cyclic voltammetry and UV-visible
spectroscopy has been demonstrated for the iodide/triiodide/iodine system in
propylene carbonate. The results of these spectral electrochemical experiments
clearly confirm the chemical reaction mechanism postulated from the cyclic

voltammetry experiments described in section 6.4.2.



181

0850 ’ ’ ' ) ’ ‘
- 1
;
2.8458 | T |
i
1.46 '
£.848 | T v 4
2.9358 . i 4
LN BN ' , { ~
§ nEsa L ’ -
-
Y.~ R -
i |
f
2.0150 | 4
CWITRR -ll
]
1aﬁnr . -
|
. AR
8.2 R S S s T A oy
\ N A S e
B g B 8
XBL 845-8945

Figure 6.7.10 UV-visible spectra from 1.46 to 1.19 V. Cathodic sweep.



ABSORBANCE

182

878 . ' ' ‘ .
& 82
852
842
238
a2
818

a9

- 18

608 |
708 L
62a

XBL 845-8944

Figure 6.7.11 UV-visible spectra from 1.10 to 0.92 V. Caﬁhodic sweep.



183

AL

ABSORBANCE

8.3
a2

a1s

a8

418

(

XBL 845-8348

Figure 6.7.12 UV-visible spectra from 0.86 to 0.53 V. Cathodic sweep.



184

st M r T T T
e L : ‘—

LE78 L : .

XBL 845-8941

Figure 6.7.13 UV-visible spectra from 0.53 to 0.26 V. Cathodic sweep.



185

e | ' - R
ama| 4
v | .

~0.04 v, 0\4v
h//uv END OF SWEEP
[ ¥ -]

: » i

(N ' : -

[ ¥ % .

026v ) )
-Llul*ﬁh/ﬂ ' ' i
. N q 4

VAVELENGTH ()

|
-

XBL 845-8943

Figure 6.7.14 ~UV-visible spectra from 0.26 to -0.04 V. Cathodic sween.

Uv-visible spectra from -0.04 to 0.44 V. Anodic sweep.



186

Applied Potential (volts)

120.5 08 11 14 17 14 11 08 05 02 03 05
' | [ I [ rr 0 I I I

Fractional Conversion

L1
"0 5 10 15 20 25 30 35 40 45 50 55 60

XBL 846-7162

Figure 6.7.15 Fractional converation of iodide to triiodide and iodine
during a single voltammetry scan. Data are from Figures 6.7.6 to 6.7.14.
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6.8. DISCUSSION

The results of the cyclic voltammetry experiments indicate that the first
oxidation peak (peak I) is irreversible and the second peak (peak II) is reversible.
It is interesting to consider the reasons for these conclusioné and to attempt to
rationalize the values of the parameters derived in terms of a physical under- -
standing of the process. Consider the two peaks representing the
iodide/triiodide redox pair: From fitting the simulated voltammograms to the -
eicpérirn-ental data, we obtain values of 0.2 and 6.5 x 1075A/cm? for § and i, ref
respectively. Obviously the oxidation of iodide to triiodide involves the forma-

tion of two covalent bonds between\three atoms. Thisisa relatively complicated
process and yet it océurs rapidly (relative to diffusion) on the electrode surface
at sweef; rates exceeding.ZOO mV/sec. Similarly, the reduction of triiodide to
three iodide ions must involve breaking two I-] bonds. Since f represents the
fraction of the surface overpotential that promotes the cathodic reaction, this
process is evidently much more difficult. The fact that a single Butler-Volmer
kinetic expression can successfully be used to model both the oxidation and
reduction peaks indicates that the rate determining stép is probably the same

for the forward and reverse reaction.

From literature on the electrochemistry of iodide oxidation on platinum and
from consideration of the solvation states of the three species involved, a physi-
cal picture of the reaction sequence begins to emerge. Literature studies clearly
show that the surface of platinum is covered with an adsorbed layer of iodine and
triiodide. Using the technique of thin layer‘ chronopotentiometry. Hubbard,
Osteryoung and Anson [71] have shown that about 2 x 107? moles /cm?2 of iodide
ion or iodine are adsorbed onto platinum. This adsorbed layer is not electroac-
tive; i.e., it cannot be detected by reduction or oxidation near the reversible
iodide/iodine potential. An additional 1 x 109 moles per square cm of iodine, but

not jodide, are adsorbed in an electroactive state. This adsorbed layer is the
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likely reason for the disparity in forward and reverse reaction rates for this
peak. In the anodic direction, the reactant and products are strongly adsorbed
to the platinum surface and charge transfer is not impeded. In the cathodic
direction, the triiodide has to be reduced at an iodine covered surface. There-
fore, the large cathodic overpotential may be a measure of the additional energy

required to overcome the adsorption energy of iodine, & Gagsorption -

The effect of adsoption on ;he location of a voltammetry wave is analagous to
the effect of complex fomation of the reactant or product. Examples of this kind
are well-known in the polaragraphic literature. Bard and Faulkner[72] show the
effect of complexation of a metal ion, for example. In this case the complexation
stabilizes the oxidized form of the ion which raises the free energy for reduction.
The stronger the complex, the larger is the shift away from the free metal poten-

tial.

In view of the complexity of the reaction system, cyclic voltammetry experi-
ments are only a beginning step to understanding the details of the kinetics.
Rotating ring-disc experiments to detect triiodide at the ring, or pulse tech-
niques are more controlled experiments which could provide a greater insight

into the reaction mechanism.
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6.9. CONCLUSIONS

In summary, the electrochemical behavior of the iodide/triiodide/iodine
system was investigated in propylene carbonate using t»he technique of eyclic
voltammetry. -We found that iodide is oxidized in two electrochemical steps; tri-
iodide is formed first and then the oxidation proceeds to iodine. A mathematical
model was developed to describe the kinetics of the two electrochemical steps
and the transport of the three species involved. Simulated voltammograms
based upon this model correctly predict the experimental results up to sweep
rates of 200 mV/séc. Spectral electrochemical experiments confirm the pro-

posed mechanism.
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Chapter 17 Conclusions

The feasibility of the electrochemical production of chlorine, bromine, and
iodine in propylene carbonate has been studied. Uv-visible spectroscopy experi-
ments of iodine and bromine have shown that the stable form of the halogen in
PCis the trihalide. lodine and bromine disproportionate to form the trihalide
and probably a positiveiy charged halide species. The equilibrium constant for
the disproportionation of iodine was determined to be 0.85. Solutions of chlorinev
in PC are not stable. Even dried, distilled PC containing less than 7. ppm water is
. attacked by chlorine to form 1,2 And 1,3 propylene glycol as major decomposi‘tibn

products. The extent of the reaction is increased by water in the solution.

The conductance behavior of KI and KBr in PC was studied. Kolraush plots
for both salts were linear in the high concentration range but trace impurities in
the solution interfered with the méasurement at co-ncentration less than 107 M.
The conductivity of solutions of KI and KBr increases if the corresponding halo-
gen is added. Solutions of 0.05 M and 0.1 M Kl reached a maximum in conduc-
tivity when the concentrations of the iodide and iodine were equal. A maximum

was not observed for KBr solutions.

Cyclic voltammetry experiments of Kl in supported PC solutions demon-
strated that iodide is oxidized in two electrocheinical steps: triiodide formed in
the first step is oxidized to iodine at the higher.potential. A mathematical model
based upon the transport of the three species and the kinetics of the electron
transfer reaction was developed to simulate the voltammograms. Spectral elec-
trochemical experiments provided an independent confirmation of the proposed

mechanism.
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Appendix 1 / Distillation Manual

INTRODUCTION

The present method of distillation of propylene carbbonate involves three
steps. First the "as received” PC is passed over molecular sieves and alumina to
remove water and other low molecular weight impurities. This first step removes
most of the impurities-pale yellov? PC from Jefferson Chemical becomes clear
after passing through this column. Secondly, dry helium is bubbled through the
PC overnight to remove the very volatile components and to saturate the
column. The final step is distillation under vacuum while a stream of dry helium
is bubbled through the PC in the distillation flask. The purpose of this paper is to

outline the procedure so that the process can be easily reproduced.

APPARATUS

The distillation column is .pictured in Figure Al-1 and a drawing of the entire
system is given in Figure A1-2. The receiver design has been altered many times
and can easily be altered again. The column design is for batch (Rayleigh) distil-
lation, but the bottoms kettle holds only about two liters so we have occasionly
re-filled it during a run. The vertical metal cylinder to the left of the columnis a
“"tube oven” designed to heat its core of molecular sieves and alumina under
vacuum. The PCis passed through this column before adrx.lission to the bottoms
kettle. We think that most of the water is removed by the molecular sieves
rather than by distillation. Studies done by GC show that the amount of time the

PCis exposed to the sieves is very important. Therefore the PC passes through

three stages of dry sieves before distillation.

The present receiver design is shown in Figure A1-3. The first cut is taken off
separately in the small flask. The middle cut is usually the best and is separated

from the last cut by using two flasks instead of one large one. An important
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consideration in the design of the receiver arrangement is sikze reiaiive to the
glove box port. The entire assembly must be transfefred to the glove box so the
bottles are not opened until they are under helium. The present system just
barely fits into the port for the new glove box. Alternative receiver designs have
been used. Figure A1-3 shows a "tiered” arrangement of receiver flasks designed
so that when the center compartment is full, it is drained all at once into the
lower flask. This "washes” the center flask with clean PC to eliminate any residue

that may be left on the glassware.

It is important to have a good understanding of the helium network in the
lab before starting to use facilities in the distillation room. Helium from the
inert gas puriﬁcatién system is connected to the main helium manifold that is
located above the doorway to the purification system (grey manifold). From here
it isrouted to'the gloveboxes and to the distillation roomn. The helium valves to
the pressure/vacuum manifold and the distillation column are located on the

- right side of the door to the hallway in the distillation room.

GLASSWARE PRFEPARATION:

Because the breakdown of PC is catalyzed by both acid and base, it is very
important that the glassware is as clean and dry as possible. The procedure we.
follow is outlined below. -

i) All grease joints are cleaned with hexane.
ii) If the glass is dusty, it is washed with detergent.
iii) Soak overnight in alcoholic KOH.

iv) Rinse with distilled water the chromic acid cleaning

solution or aqua regia.

v) Soak in distilled water for several hours.
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vi) Dryin very clean vacuum oven overnight.

Conductivity measurements have indicated that this' procedure still leaves a
residual film on the surface which can be leached into the solution. Probably the
most effective step is torinse the glass with the first PC that is distilled without
ever opening up the column. This is one reason why the first cut is discarded.
The column is put together with viton o-rings and screw-type clamps to make
everything vacuum tight. Most grease connections have been eliminated but
whenever the column design gets changed or repaired, an effort should be made

to totally convert to o-ring fittings.

- TEFLON AND O-RING PREPARATION:

Cleaning teflon and o-rings is difficult because they cannot be heated t.b high
temperatures to dry. Literature articles on cyclic voltammetry of platinum sug-
gest that the best method is to soak teflon in ultra pure water for months, con-
stantly changing the water, to leach out impurities. We are prima.riiy interested
in removing water so we cleaned the teflon and o-fings as follows:

i) Clean with acetone and soak in pure acetone for several
hours.
ii) Wash with absolute met:hanol to desorb the acetone.

iii) Placein vacuum oven at about 70 °C ovérnight or longer.

COLUMN PREPARATION:

The clean and dry receiver assembly is assembled as shown in Figure one.
Use viton o-rings (marked with two strips) and screw-type clamps. Check the
connections by pulling a vacuum on the entire column and all receivers. When
everything is tight, it can be pumped down below one micron. Sometimes a small
coating of vacuum greaée is needed on the o-ring fittings. After a good vacuum is

achieved, purge the system several times with helium. Continue to pump on the



201

column until the distillation is finished. Be especially careful to never let the

cold traps get dry.

MOLECULAR SIEVE PREPARATION:

Linde 13X molecular sieves are pretreated by heating in a furnace to
about 500°C under a stream of argon (8 to 12 cfh). The furnace and pan for heat-
ing are in thé solvent room. One consideration is that a heat gun or another fur-
nace should not be operated while this furnacé is on because a circuit breaker
will blow. Even when two vacuum pumps are on, a heat gun should be connected

outside the room.

TUBE OVEN, MOLECULAR SIEVE-ALUMINA PREPARATION

The column is resting on the tube oven and is removed by disconnecting the
teflon connection at the bottom and lifting it out. First the old sieves and
alumina (Woelm Basic, ICN, Cleveland, Ohio) are cleaned out by tapping the
column to dislodge the contents. The column has é false bottom connected to a
rod which extends to the top. This is used to completely empty the column. Itis
cleaned by rinsing with distilled water, then hexane, then reagent grade acetone.
It is dried with a heat gun until very hot and then repacked. The first layer is dry
glass wool, then about 300 cc of alumina, then 300 cc of molecular sieves, and
- finally another layer of glass wool. Be careful to put in sufficient glass wool to
‘prevent the alumina from sifting_ into thé distillation eolumn. Carefully clean up
any alumina that gets spilled into the o-ring groove so that the o-ring will make a
good seal: The top'is bolted down so that the cooling water connections are
correctly aligned. This column is pretreated by first pulling a vacuum to about 1
micron Hg from the vac-line mainifold. Evacuation must be done very slowly to
avoid mixing up the sieves and alumina in the tube. The procedure we follow is

first bring the vacuum to the needle valve marked (C) on the drawing. Then turn
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that valve very slowly until it moves the vacuum gauge for the manifold, then
back off a quarter turn. Wait until it rises to about 200 microns and open it a
quarter turn again. Repeat this procedure about 5 times to open up to full
vacuum. Also be careful when filling with helium. To pressurize the molecular
sieve column first pressurize the manifold, turn the helium off, then open the
valve slowly. Repeat this procedure unt.il the manometer indicates atmospheric
pressure. After the cooling water that runs around the o-ring is turned on, the
sieves are heated under vacuum. The column oven is connected to a variac
located below the oven and slowly heated to about 400°C. Never plug the tube
o§en directly into the wall outlet. (The variac was set to 70 for about 1.5to 2
hours, then reset to 55 to maintain the temperature at about 400 °C). Before

using the column, it is back-filled with helium to atmospheric pressure.

DISTILLATION PRETREATMENT

The process of purification of PC can begin once the molecular sieve column
is prepared and the distillation column is pumped down. First 500 ml of molecu-
lar sieves are added to a bottle of Burdick and Jackson PC that has been pre-
chilled. The absorption of water by the sieves is exothermic so we cool the PC by
placing the bottles in.an ice (sometimes dry ice) bath for two hours first. Then
dry molecular are added to chilled PC; The sieves are Added to the PC instead of
pouring PC over the sieves to prevent the PC from heating too much. (The Bur-
dick and Jackson PC starts with about 75-100 ppm of water. This is enough water
to heat a gallon of PC up to 100°C or more). The absorption of water by the sieves
is slow. The bottled sieves and PC are removed from the ice bath after an hour

and left to "incubate” for about 8 hours.

The separatory funnel is installed above the tube furnace and supported by
‘aring stand. Alayer of dry glass wool is laid on the bottom to filter out the

sieves. The pretreated sieves are dumped on top of the glass wool, the funnel is
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capped, and brought toless than 10 rﬁicron vacuum through the valve marked
(C) on Figure A-1. (The ball valve to the tube oven should be closed.) These val.ves
connect the oven to the glass pressure/vacuum manifold on the east side of the
room. Thereis a place for a éold trap just above the tube oven. The vacuum
gauges for this system are located on the east wall. When a good vacuum is
achieved, bring the system up to étrnosphere with helium (also through the man-
ifold), but be careful not to blow off the cap. We leave the the PCin the sepratory
funnevl for at least four hours. Then the valve to distillation column flask is

opened slowly and the PCis drawn into the column bottom.

Once the bottom flask is filled and the column is under vacuum, helium is
bubbled through the solution overnight. Start with a full cylinder of helium and
adjust the regulator pressure down to about seven pounds. To open the line to
the column, open the main valvé just to the right of the door to the hallway. The
pressure will indicate on the gauge near the door. (The other valve opens the
manifold to helium.) The helium is introduced to the bottoms kettle through a
glass pipette. The rate of bubb'lin.g is controlled by the needle valve marked (A)
in Figure A-1. This valve is Lricky to operate-it takes several turns to open it
enough tolet any'helium pass and the_n‘it surges out. The bubbling rate should be
slow-about six bubbles a minute or slow enough to keep the column pressure at 2

“mm Hg (Hasting gauge).

- DISTILLATION

To start the distillation of PC, connect the heater mantle to the outlet
marked "heater #2" on the panel. Decrease the helium flow rate so that the
column pressure is about 1.5 to 1.8 mm Hg. Then insulate the top of the bottoms
kettle with cloth rags and aluminum foil. (A covering heater mantle should be
built for this flask, but the cloth and foil suffices.) Set the rheostat to 30 and then

monitor the temperature until it reaches about 70°C, reset to 40 and the tem-
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f)erature of the bottoms should go up to 150°C. The bottoms temperature will
reach 150°C fairly quickly (2 hours if heated slowly), but it takes several more
hours for the hot vapor to travel up the column. The time it takes is determined
both by the helium flow rate which sets the vacuum on the column. After the
bottoms kettle temperature reaches 150°C, it seems to help to run the helium
flow rate up (so the column pressure goes to about 3 mm Hg) fbr a short time.
When the head temperature starts to rise above ambient, it will increase very
yuickly. When this happens, tﬁrn on the cooling water at the nozzle just to the
right of the still on the west side of the room. Set the flow of water high enough
so that it lows continuously. In the paét we have had problems with this flow cut-
ting off and allowihg the head temperature to get too hot. Alog of past distilla-
tions is kept in a blue notebook marked "distillation wofkbook". Check there to
get an idea of the time it takes to start distilling and the head temperatures and-

column pressure settings we have used in the past.

When the head temperature reaches 55 or 80°C, start collecting distillate by
opening the needle valve in the top of the column by starting the timers tb con-
‘trol the reflux ratio. The timer on the left controls the length of f.ime that the
needle is open, allowing the distillate to flow into the receiver. The timer on the
right sets the time that the needle is down. We set the first timer for 5 seconds

annd the second for 20 seconds.

When the level in the bottoms kettle has dropped to about one third or one
fourth of the original volume, the distillation is finished. (Sometimes the last
fraction is collected in a separate receiver to check the purity.) Turn the timer
and heater off, close all valves to the receiver flasks, and remove the insulation
aroﬁnd the bottoms kettle. Turn the helium off at the needle valve leading to the
bottoms kettle.' '_I’his leaves the helium on to the still so that all receivers can be
brought up to atmospheric pressure before they are transferred to the glovebox.

The connections between the receiver flasks and the still must also be at atmo-
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pheric pressure or the glassware will break when you try to break the seal. When
this is inished, turn the helium off to the still using the valve near the dobr to
the hallway in the still room. Do not pump the receiver flasks down to full
vacuum (160 micrbémps) in the glovebox port or the o-ring seal will open. Gen-
erally, we pump down to about 75 microamps, backfill with helium, and then

repeat this cycle several times.
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Appendix 2/Computer Programs for HP9825

Oscilloscope Program: Data Transfer for Cyclic Voltammetry

The HPL program used to transfer cyclic voltammetry data from the Nicolet
oscilloscope to the Hewlett- Packard HP9825 computer is given below. The pro-
gram is organized into three sections: transfér of the data from the oscilloscope
to the computer, storage of the dataon a ﬁoppy disc, and plotting the datainany
one of several optional formats. These formats include current as a function of
time (CT), applied voltage as a function of time (VT), and current as a function of
applied voltag\e (CV). In addition, if the data is plotted in the form of current as a
function of time, an optional integration routine is included to calculate the total

charge passed in any time interval.

The program is outlined in the flow chart given in Figure A2-1. The numbers
referenced at each step are program line numbers. Alist of the dimensioned a'ndv
undimensioned variables is given in Table A2-1. The required format for the data
transfer and the listing of error codes are explained in the Mcolet Oscilloscope

Manual. The program listing is given as Figure A2-2.



Table A2-1/ OSCILLOSCOPE PROGRAM VARIABLES

Dimensioned Variables

. Undimensioned Variables

B$[485] W output

vV [32] Conversion info
H&[32,55] | Noutput

C$ [80] Expt. comments
D$[31760] | Scope data

RS [6] File name

Q% [5] Question

7% (3,2] Plot select

S [6] Plot parameters
H[2] No. of digits
Gl2] | XY Label

AS [6,50] :

A$[1 Title

A3 |2 X Caption

A% (3] Y Caption

A4 Line 1

A% (5 Line 2

A% (6 Line 3

S [6] Plot parameters
S|{1 X-Min

Si2 X-Max

S|3 Y-Min

S{4 Y-Max

S5 X-Tic

36 Y-Tic

A No. of waveforms
E Errors
N&D Transfer code variables »
)| Iteration number
M Waveform No. to plot
B Dummy waveform no.
T Time
ri V Norm
rd _ H Norm
r3 V Zero
r4 H Zero
rd H Zero
ré No. of data points
r? Norm Step
Dummy varibles in plot
routine
N.L.V.R '
0.X.Q
PJU
ri1 V Norm for CV plot
ri3 V Zero CV plot
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Figure A2-1

OSCILLOSCOPE/CYCLIC VOLTAMMETRY PROGRAM

17

45

47

52

39

60

[}

63

&9

72

Rl

82

vro
PROCRAM 1DEN.
MO
~ PRINT CHANNEL
DIMENSION NUMBER, IS,
WAVEFORM NUMRER |
VARIABLES H.
CALCULATE r6, r?
95
FILE NAME?
RERD "'W=-OUTPLUT"
O B$ ar CALCULATE:
DATA r2, vh, 5
READ "'D-OUTPLT"
O DS TROM DISC SET T=0
READ "N-OUTPUT" 102
O HS CHOOSE PLOTTING
PARAMETERS
FOR CT OR VT
PLOT
' —
124 “HOOSE 'PLOTTING
PARAMETERS
YES. FOR CV PLOT
144 SELECT TITLE
CAPTIONS
ENTER CURRENT-
TO-VOLTACE-
CONVERSION 148
PLOT - LABEL
PROCRAM
229
2
STORE DATA
b33 %0
YES
1
29 INTECRATE
XES.
PRINT NO. OF
WAVEFORMS
PRINT COMMENTS
254
SELECT VOLTACE
WAVEFORM FOR
C/V ®AIR PLOT %7
CHOOSE EITHER
CURRERT-TIME (CT))
(Stg 265
VOLTAGE-TIME (VT)
(sfg 3)
CURRENT~VOLTAGE
{(CV) (flag 3=0)
|




Figure A2f2

g: d=p "40994
O0SCILLAZTOFE
FROGRAM"

1: woit Z0ag@

2: dsp “RECORDS.

FLOTS AMD INHTE
GRATES DATAT

2: wait 29uéa

4: dim S[AIT+HILZ2]
yA$(6,8@3 s G2
’$£7J,E[b]

‘Jl
O
.-

-
—
-
m

s

-

~ X

N B »
S h
La S BN SR
il SUN XN )
O~ i

"
b

: but “"dato’y
D¢.3

13: ent "I15% OARTH
T3 EE TRRHZIFER
FEQ 2" 2¥

11 if carlQ@F)="

[ ";'910 1?

i ent "WHAT

1° THE FILE
= ET"9RE

13 az3n R$.1

14' sread 1+BE.
V€1, HI-|$ Ds

lq prt "RUN
NUMBER "sF ¥

16: sto 71

17: dze "IN OFRDE
R TO EXCHANGE
DATAR”

19: wait 20600

19: d=r “PRES3
CONTIHUE"

28: stp

21: fxd4 @

22t wrt 7272 "HWT

23: red 727»E

24: if E#Qidse
“"ERROR # "»E«°
IN H™3istp

2S: red 7271B%

26: val(Bs(l»
21)*A

27: uval (B$[3+f.#
15,4+4A%15])9E

28: 1if E®Bidse
"ERROR & "»Es~
IN 4 QUTPUT"S
stp

29: wrt 727570
4,8+8,15872s1"

295 red 7279E

31: if E#33dze
“ERRCGR # "J+E»
IN D"sste :

:ttfr ?2?) *Hat
"e31744
red 7274E
i¥ E¥Qidze
ERFOR # "2Eq
IN O QUTPUT™S
stpP
35 for =t to A
3é: wrt 727 "Hs
"yESL(I-11%1S+
1e(I=-13%15+12]
t red 727»E
¢ if E#8j5dcsp
ERRGK & "HEs"
IN N"istp
39: red 727 HE{I

W W w
LI AR TR - D]
.

—

‘40 val (H$[I,52,

5411 +E
41: if E#05dse
"ERROR # “sE."
IN N QUTPUT™S
stp
42: next 1
42: dzp "DATA
HAS BEEN TRANSF
ERED"

44: wait 2008
45: ent "IS DRTA
TO BE STORED

2908

t if cap(QS$1 4"
YES"i3f9 Zigto
2

4?: ent "HWHAT
1S 6 CHRARACTER
FILE NRME?"R$

3: it lerniR$)=6
sJimp 4

49: ds=p "FILE
NAME IMPROPER
LENGTH " s wait
2000

S@: dsr "PRESS
CONTINUE TO

" RESET"sste

S51: Jme -4

52: for I={ to R

$3: dse "WAYEFOR
"s "1

S$4: wait 2009

209

SS¢ dzr "CURFENT
-TQ=-"QLTRGE
CONVERSIOH"

SE! wait 2000

SVi ent "IN uR-~
YOLT FOR WRVEFD

M "yVYLI]

S8 next [

3% if flaZ=1s
ato 77

€3: ent "CCOMMEHNHT

< :”;CS

ent 00 YO
AHNT TO CHECK
LISK SPACE"sQ%

62 if car(Q$)="
,EQ icat @

63: d=r "PRESS
LONTIHUE T0
STORE"s$ztm

64! Oren R$EL153

65: asza9n Pl

65! zprt 1.E$.
VI*]sHEsCesD%o
“end”

67: dsr "DATH
IS RECORDED"

63 woit 28088

Hf,

851 ent "IS THE

DATR TO BE PLAT
TED ?"sQ$

78: if cartQElg"
YES"i9to 287
71: sepc

72: val(BsI(l,
21148

72 prt "COMMEHT
§:”

74: spc

7S: prtv C3

76t cf9 3

77t prt "THERE
ISIAREY "«As”
NH“EFURPS

TE: wait Z

79: flt 5

80: if R=1:1-+Ms
Jap 3

31: ent “YOLTAGE
WAYEFQORM # TO
BE PLOTTED .8

82: if B>Ridsp
“NOT R VALID
#"fuwoit 29081
Jmp -1



Figure A2-2 - continued

g1 v “TURFRENT
T TIME FLOGTT"
1%

g4: if cari@s1="
YES S E+R-ZHME
“CT +l%3sfe 33
9ty 92

£: ent "VOLTAGE
ve TIME FPLGT®"
0F :

g6: if corpif$)="
YESTIESMI WT T2
§icfa 33atao &F

&€T: dsr "FOF AR
CURREMT ¥& vCLT
HZE PLOT IE+R-
2N

£2: wait 26&c

gx: dzr "PRESE
CORTINUE"S "CY¥"+
S8 R A :

9t woliBFl1S+
(M=11%15: 15+ 1M1=
112151 39r21

Qi;: rrt 2§ "Chan
mel no."er2l

It prt Cwovefror
m ono. oM

ex: uol (BFIS+1T
(M=11+18+15% LH~
111)*ré

e4: Lol (BEL13+
1S+ (M=-11+14+13¢
iM-1111%r7

95: if f1a2=0%
atc 124

A val (HFINM 13
127)1%1@real (HEL
My Z@ 221 )12
QT: vol (HF[MH:Z5
351 )=rd

93: uvol (HEIMs 25,
4Q3)+rS ‘
9c: ent “DO YOU
WANT T=8 AT
TRIGGER TIME":
o

1@0: if comiQi}=
“YES"Srda*eSSic+
rS=+Tidmr 2

1e1: @-+7

1@-. ent "1¢
RIS TQ BE PLCT
TEQD?"s Q¢

182 if car(Bf #
“YES"jate 227%

104: (ré-1-T1*
rz+302]

1#S: =T&r2=+S[11
1062 rrt "T-MAu=
“eC[Z1y"CELT
1071 epc
148: gr1 "T-MIN=

"yZl1]s"SECT

18%: zgrc

119 ent “WHART
1€ T-TIC?"»SI[5]
111: ent "% OF
CIGITE AFTER H-
D :IHH'° s GI11 .
11 t "TIME (SELC)

HE(Z]

112: wal (HEIM. S
Qli=1@tuwal tHE M
s119132)=2r1

114: val (HEM,
23:28)1or3

11 grt “YMRL="
: 3““@U r3lerls

<

“VOLTS (OR

e o =X

enr “YMAY
VOLTSIOR
LIAMPS) "
] .

-

[

* )
‘r-r;wv

enr "YMIN
YOLTS LOR
LLIRMFS] "

-

n.-.r-,—('ngr_o-.(..—,u::cnmu-‘—-.j,-,s-..zt_r.:p.—‘,-t_nr_._\puc.-:r_.;.;r.)m»«.-.r,n.
- . Ly ’

]
ent "HHAT

—

Y-TIC?"sS[¢]
ent "NC.
DIGITS AFTER
]

D)

-

ECIMRL?

O Ot e (DL et ts CI g @ 3ma (O X 04 0+ =

o

if cor(lf)=
T s "CURFENT
(WA “+R$[3]H
Jmp 2

22: "E-E.REF
(VOLTS1"»AS8[2]

(™3

123 sto 144
124: B+A/Z2+N
125: vol (HEIM: S
§l)#1@tvol (HE [N
+y11s13))9r8
1262 val (H$[Ms
23+283194r3
127: prt “C-MAx=
“y (32060-r3)*
ri*VIM)s"uR”
128: enr "C-MAHT
s S[4]

[N N
DD e D 4 3

210

rrt "C-MIk=
-3ZRap-r3i =
V[M]s"uﬂ

enr "C-MIKT
[3]

ent NHHT
C=TICT"sSILE]
E'n! 'N\.'-
DIGIT a' FTEE
DECIMH

~—
)

—
BT e ]

b = Ty e e ) fa © 00D gy =€ TY ) O s -'_.;\ - ._0
e i) e

e e

MO N |
—

—

“CURREHT
IR E Bach]
g
wal (HE[M S
#1@tval (HE M
1 21 )erld
lle[M-
rid
"YWeMRE=E
AAR-r1271#
MIe "VOLTE

[ergrery
-~ I

[
~ wia

2o B RSN

-

)

TCANRILD e NG~ GO O G) 0

=

4 m 0e e e g ee
[

)

ST R TR O T

*
-
[

O

D % “-MIH‘
-3Za08-r1z
#4 [M] \OLT*

—

Poene CW-MINT

e (D
—
—
L)

ent “HWHART
Y=-TIC?"» S (5]
ent "HO.OF
ITS AFTER &=
IMAL? .G L]
"E-E.FEF VO
LTSI “>As[2]
143: et “TITLE®
"y ASTL] ;

145: RE+RIL418 "y

COAT e B (0 s 0 (D
-ﬁn..

(%3

WHYEFORM “+A% 14
yTe1T)ifxd @%
str(MiaREILy153
145 Ce+As[S]
147 ent "LXNE
2 CRFTICOHS
Hi[f]
143: PLOT LAREEL
PROGRAM"
1492 ¢xd G[l]
15a: S[2)-(7~
S1(S[21-Sl111+
.c(SL21-801)1=+L
151: S[2)+.2(58[z
1-S[1)19N
152: S[4)-(2.5~
71(S[41-8[32) -
65(8[41-8[3) !+

oO-

3



Figure A2-2 - continued

152 S([4)+01~

TS [ 41-5[2:-
s (2[4)-8[2)1=

1547 scl LyNsOoF

1S5: ren

1€ mlt S[13s
[23s=2

1578 (1-16-°4,51
[2)-S[1]1+4011

186 (1-1e- 7115l
1-8S[Z11+H2]

15%: 1nt (S35~
[13)Y-8[5] 1400

166 int((S[4]-
[2]1-C (&) 1+F
18 faor I=1 to

—
T OFTAANTHBNB T T e JToD OO DMARMOANNARR T

—

162¢ irlt S[S],
0
162t imlt GIHIZ]
¢
164! irlt B.-
[Z1.4
165: next 1
16 rlt SL2]s
[3].@
1678 for I=1 to
168: iplt @eS[2]
' €
16%: irlt =-HI13»
(A5,
178 irplt HI1D»
[2FN%
1T1: next 1
172 rlt S(21»
€l4].-1
T3 el SL132,
S{3les-2
174: for I=1 to
R
175: irlt ©sSLe]
' 0
176 irplt HIL11.
a0
{177 1rlt -HI1]»
2,0
178! nex=t 1
179 ol S{11»
si41+9
1802 for I=1 to
8 .
181 1glt S[5].
@:a
182 irlt @y~
H[z].@
18723 irlt @y HIZ]
' 8
164 next 1

165 plt SL[21:
Sr4)»-1

1862 csiz 1.9+
1.357.8

1e7: ¢aor I=0 to
o]

1¢3: S[11+1%21G5
+U

189: =(lenfstril
)R IY-L I EAY

193 mlt UsSL3]:
]

191: crlt Vo=
1.25

162 Ikl U

122: next 1

194: ¢=xd GI[2)
195: for [=0 te
F

196¢ SI[ZY+1xSlg]
U

197: ~(lenf(strfiL
IBE S DRI

198: rlt S[1):U0
@

1693 grly We=,2

208 1bl U

261: next 1

2021 ceiz 1.548
1-:"1‘“'

20%: for I=4 to
(]

€-1+J
26¢S: rlt L0
206 crlt 6+J
267: 1bl As$[I]
20&: next 1

~n
o
£

2689 csziz 1.79
241,258

210: -(len(A$[Z]
124,219

211 (5L21-S01))
s2+5[1]2LH

212 plt UsSIL32]s
@ _

2123: crlt ¥e=3

214: lbl A$[2]

215t de9

21¢€: csiz .75
2+1.35790

217: -(lenifAslz]
124,319V

2182 (<[4]-°[3]J
~Z+S[21sU

21? plt LoU.@

228 crlt Ve-1l

221: 1kl RFL2]

222t csiz 242>
1.357.0

211

to-({lentR3 L]
Z+.309Y
$ (Sl2l-Si1l:

1t P

crlt YWa-l

bl A$IL]

22%: der "TO
PLOT OFRTHs PRES
S CONTINUE"S
stp
22t if flag=as
910 257

2@ for J=H to
1=F'T-H¢H kv r7

21 (d=M1orT el

22 (E=-T)*rZsx

22z ity (D=
J=192%0])~-r31 %
ri#\ Ml

2348 Rmlt HeWs=2

235% next U

23 reEN

2:?: ent 00

YO WAHT TO
INTEbFHTE NS
2:6: if corpiGF:s
"YES"sato 26T

229: ent “TIME
INTEGRATION
STARTISECIT
EL1]

249: ent "TIME
INTEGRATIOHN
STQF?(SECY "
ELZ]

241: r2+El4]

242 rT(E[1]-ri+
T1+M=G

243: rT(ELZ2Y - ri+
Tr+M=>H

244: {(itf(DFLZ+
G-1s2s5)1-r31%
ri=yv M)A

24%5: (itfi(D§ils
H=1+y2%H] ) =-r31+
r1=4Y [M1-E

245 A+E+Ficfs 5

247: for J=G+s
to H-4 by rvé

2481 iF¥ fleS=id
(i?f(DS[-fl-l-
Z*Ili-r IE XS]
VIMI=Yidv+F=F3
cfe Siame &

24%: if fleS=ai
(itf(DgL2x1=1"
2543 1=-r31#rl+
VIM)#Ts 2 +F+Fs
csfa S

256: newxt J

N 13\
[N AR O BN A8 Tl AN

NN

(8] f\.)
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Figure A2-2 - continued

251: F#E[4]-3¢00
+E[3]

252 1t 4

253: ert "TOTAL
RFRER FROM",EIL11
s “TO"»E(2]«"EQU
ALS "+ E[S]s "COUL
OMES ™

25%4: ent "INTECE
ATE RGARINT (%

25%: if coriQ$1=
“YES"jeto 23%

25¢: ato 265

25T: B+A- 24N

25&8: for J=M o
15672-A+M by r7

259 (ivf D[z
J=1,2%4)1-r31+*
risVvIMI+Y

2ee: (ivfiDFLZ#
(J=-R-Z21=1a2%1J=
A-Z)11=-r121+#

ri1#v[M=-A 2] 25
261 if J=15&7Z-
A+MiRlt HaYs =2
22 if JHISETZ-

f+Mimle MoV

2e3: next J
2¢4: ren
2€5: ent "FLQT
ANOCTHER CURVE®S®”™
Q3
26t if car(lf'=
"YES"iateo T&
57! strp jend -
2 - T

[

* D)

[
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Data Transfer from HP9825 to ADM Terminal

The HPL program to transfer data (or string variables) from an HP9825 file
to the ADM terminal is given in Figure A2-3. In order to effect this transfer, it is
necessary to procure a device which can translate data received on a GPIB (IEEE)
bus (parallel transfer from the HP9825) to data in a form which can be t.ransrnif.-
ted on a RS232 bus (serial transfer to the terminal). The device we used was a

serial transfer module (TNW model 2000) on loan from the UCB electronics shop.!

The device code for this instrument is "switéh selectable” and was set as '04'
when we used it. The designation of the GPIB interface from the HP is '7', so the

HPL statement to send data is "wrt 704,".

The program is outlined as follows:

Dimension variables, string " lines 4-9
varibles, and data buffer

Read data from floppy disc lines 12 - 14
Change V[*] parameters lines 24 -29
as needed

Select voltage/current line 32

combination to transfer
by choosing voltage waveform
number '

set pérameters for voltage lines 33 - 43
and current waveforms

Convert data file to full lines 45 - 51
decimal and store as XY

pair. Write each pair

to device 704.

! Note that a "Null Modem Cable” (cable to switch the #2 and #3 pins) is also necessary to use this
device with the ADM terminal.



Figure A2-3

@: der "40%3 7O
DEVICE 764 TRAN
SFER PROGRAN"

1: wait 2024

2: dsr "SENLDS
SCOPFPE DATA TO
IEEE BUS" .

3: woit Zoae

4: dim S[EIsHIZ]

RS [&6:881,G1(2])
$L21.E[8]

St cfe 19253

6: dim Bs$(48%S],
VI321sHE[32s
551,Ce(20)»D8 (2
17661

7: dim R$[8]

8: dim Q$(5]

9: buf "data”s
D, 3

19: ent “DATA
FROM DISC?"y0¢

11t if cor(OS)I 8"
YES“"jato 17
12: ent “WHAT
1S THE FILE
NAME?" RS
13: assn RS,
14: sread 15B¢%»
VI{*]+HECSEy DS
15: prt “RUN
NUMBER “,RS$
16: src
17: vol(Bsliy
211 +A
18: ertv "COMMENT

LT o K

£EPC
prt C¢
wrt 764:C$»

My vo o8 0e o

[V Ao
0 - OO

22: prt "THERE
IStARE) "sARs " .
WAVEFORMS "

23: waitr 2006

24: ent “CHANGE
Y[#] PARAMETERS
2"sQ$

25: if cap(QS$) W
YES"3Jdmr S

26: for I=1 to R

27: ent “VIIl1=2?"
s J

28: JIVI[1]

2%: next |

t f1t S
if A=151+M
ent “VOLTAGE
AVEFORM TO
TRANSFERRED"

"SET PARAMET
¢ FOR VOLTAGE
3 Ban
3%t vol (H$[M»S,

91)1#1@tval (H$[M

1114131)2r11
36: val (HEIM23,
281)+r13
37t Prt "V-MRX="

y (32600-r13) s

ri1#Y[Mls"vOLTS

38: "SET PRARAMET
ERS FOR CURRENT
sY" e

39: B+R/29NM

40: val(B$[13+
15%(M-1)914+15%
(M-1)1)12r7

41: val (HEIMS»
Sl)1+#181Tval (H$I[M
11151320211

42: vol:-${M1 23
28112r3

43: prt "C-MRAX="
s (320080-r3)%ri+
vIMl,"uR"

44: B+A/2+M

45: fxd 4

46: for J=M to
1587z-A+M by r7

47: (itf(Dslzxl-
192%J1)-r3)#r1*
YIMlaY

48: (itf(DsC2+*
(J=R-2)=1+2%(J-
R/72)1)~-ri131#
ril®#V[M-A/2]¥

49: if J=15872-
A+Miurt 784¢Xs Y

S50: if J#i1S5872~-
A+Miwrt 784:Xs Y

S1: next J

$2: ent “SEND
ANQTHER CURVE?"
Qs

S3: if car(Q$)="
YES"i9to 22

]
BE
s B

33:
ER
X
4:

S4: stp jend

#11858

214
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Potential Step Program

The softwear to collect and plot data from potential step experiments is
listed below as Figure A2-4. The structure of the program is essentially the same
as the oscilloscope program. The only change is that the plotting routine
includes a plot of current as a function of the inverse square root of time

between any two time intervals.



Figure A2-4

@: dzr "4094
POTEMTIAL STEF
PROGRAMT

1: weit Q@@

2: dsr "RECURDZ.

PLOTS AND INTE
GFATES DATA"

3: woit 20048

4: dim S[EIWHIZ]
yRE[E.8081.GI22
2¢£(23ELE1sCLL2

]

S: cfa 3243

€: din B3I43%].

VYII2]HS (T2

£S]1.Cs[20)H D8 ([3

1768)

Ty dim F$[e]

£: diw Q$[T]

S: but “dato”s
Dfs23

16: ent "1% DRTR
T0 BE TFRRNSFER
RED T +0%

11: if compllfi="
YES"§ato 17

12: ent “"HHAT
1S THE FILE
NRMET" s R¥

13: oz3n RE 1

14: sreixd 1+B%.
VI#]sHEC$s08

15: prt "RUN
NUMEEFR “sR$

16: a9t1c 7!

17: der "IN ORDE
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