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Abstract:

Two new electronic analytical instruments were constructed from integrated circuits for use in the
voltammetric experiments. The first instrument was a programmable waveform generator that included
analog derivatives of the current-voltage curves. The output capabilities of this versatile waveform
generator are single and multiple triangular waves, sawtooth waves, ramps with variable holds, and
combinations of these modes.

The second instrument was specifically designed to provide a voltage ramp that is controlled by the
electrochemical behavior of the electroactive sample. This apparatus causes a temporary interruption in
the voltage sweep being applied to the electrochemical cell when a reduction peak is detected. The
interrupted-sweep instrumentation is particularly advantageous in obtaining reproducible voltammetric
data for multi-reducible compounds that display overlapping reduction peaks. For example, the
reduction potential reproducibility was typically £5 mV. This particular instrument has a theoretical
resolution of 43 mV for overlapping reduction peaks, and experimentally, reduction peaks separated by
less than 60 mV were resolved.

Characteristic voltammetric "fingerprints" were obtained for the aromatic chlorinated compounds
including the 12 chlorinated benzenes (PC®), 32 chlorinated biphenyls (PCB), 38 chlorinated
naphthalenes (PCN), and certain organochlorine pesticides. Over 100 chlorinated hydrocarbons were
analyzed with the interrupted-sweep technique, and only six of these compounds could not be
positively identified.

The electrochemical reduction behaviors of the 12 PC® and the 19 PCB with chlorine atoms on one
ring were thoroughly examined with interrupted-sweep voltammetry, controlled-potential electrolysis,
and controlled-potential coulometry. The results of these experiments were used to predict the cathodic
reduction pathways for these PC® and PCB.

The organochlorine pesticides investigated were dieldrin, aldrin, endrin, heptachlor, lindane, cis- and
trans-chlordane, oxychlordane, chlordene, dichlorochlordene, 2,4-D, and 10 members of the DDT
family. The voltammetric reduction potentials for the DDT series of compounds were used to propose
cathodic reduction pathways for these aromatic chloroethanes and chloroethylenes. The voltammetric
"fingerprints" were even distinctive for dieldrin and its stereoisomer, endrin, and cis- and
trans-chlordane.

A reduction mechanism was formulated for the voltammetric cleavage of the carbon-chlorine bond that
differs from the currently accepted radical mechanism. The experimental and theoretical results suggest
that the initial electron transfer step yields a radical anion (RO-CI) which subsequently either adds a
second electron to form the dianion (R”=), or protonates to form a radical which then adds a second
electron. The final reduction products, RH and CI1*-, are the same irregardless of the intermediate
pathways.
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ABSTRACT

Two new electronic analytical instruments were constructed from
integrated circuits for use in the voltammetric experiments. The first
instrument was a programmable waveform generator that included analog
derivatives of the clirrent-voltage curves. The output capabilities of
this versatile waveform generator are single and multiple triangular
waves, sawtooth waves, ramps with variable holds, and combinations of
these modes. . _

The second instrument was specifically designed to provide a volt-
age ramp that is controlled by the electrochemical behavior of the
electroactive. sample. This apparatus causes a temporary interruption
in .the voltage sweep being applied to the electrochemical cell when a
reduction peak is detected. The interrupted-sweep instrumentation is
particularly advantageous in obtaining reproducible voltammetric data
for multi-reducible compounds that display overlapping reduction peaks.
For example, the reduction potential reproducibility was typically
35 wV. This particular instrument has a theoretical resolution of 43 mV
for overlapping reduction peaks, and experimentally, reduction peaks
separated by less than 60-mV were resolved.

Characteristic voltammetric "fingerprints" were obtained for the
aromatic chlorinated compounds including the 12 chlorinated benzenes
(PC2), 32 chlorinated biphenyls (PCB), 38 chlorinated naphthalenes (PCN),
and certain organochlorine pesticides. Over 100 chlorinated hydro-
carbons were analyzed with the interrupted-sweep technique, and only six
of these compounds could not be positively identified.

The electrochemical reduction behaviors of the 12 PC® and the 19 PCB
with chlorine atoms on one ring were thoroughly examined with interrupt-
ed-sweep voltammetry, controlled-potential electrolysis, and controlled-
potential coulometry. The results of these experiments were used to
predict the cathodic reduction pathways for these PC® and PCB,

The organochlorine pesticides investigated were dieldrin, aldrin,
endrin, -heptachlor, lindane, cis- and trans-chlordane, oxychlordane,
chlordene, dichlorochlordene, 2,4-D, and 10 members of the DDT family,
The voltammetric reduction potentials for the DDT series of compounds
were used to propose cathodic reduction pathways for these aromatic
chloroethanes and chloroethylenes. The voltammetric "fingerprints" were
even distinctive for dieldrin and its stereoisomer, endrin, and cis—- and
‘trans-chlordane. ‘

A reduction mechanism was formulated for the voltammetric cleavage
of the carbon-chlorine bond that differs from the currently accepted
radical mechanism. The experimental and theoretical results suggest
that the initial electron transfer step yields a radical anion (R°—C1)
which subsequently either adds a second electron to form the dianion
(R), or protonates to form a radical which then adds a second electron.
The final reduction products, RH and Cl™, are the same irregardless of
the intermediate pathways.
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/ : ' INTRODUCTION

A considerable amount of work has been done on the electr0chemistry
of organic halogen compounds, however, little of this has been done
systematically on individual groups of aromatic chlorine compoundé. The
results of the numerous isolated studies that have been reported do not
always agree since each investigator performed the reduction experiments
ﬁnder different conditions. 1In addition, the polarographic behavior of
polychloro~aromatic compounds witﬁ regard to .the influence of one
chlorine atom on the reduction of other chlorine atoms has been insuffi-
ciently examined., Since the voltammetric reduction of several groups of
chloro-aromatic compounds was studied in this project, it is important
to review the polarographic cleavage of carbon-halogen bonds, the re~
duction of the parent aromatic hydrocarbon;, and the techniques for ob-
taining voltammetric information, .The properties of the ‘polychlorinated

biphenyls, the polychlorinated benzenes, the polychlorinated naphtha-

lenes, and certain chlorinated pesticides are also briefly reviewed.

‘Reduction of the Carbon-Halogen Bond

" The electrochemical reduction of the carbon-~halogen (C-X) bond has

been rather extensively studied and a wide variety of organic halogen

compounds has been examined polarographically, The only systematic in-

vestigation of halogenated aliphatic and aromatic hydrocarbons was re=-

purted by Von Stackelberg and Stracke (1). They made the following

L1}

Al
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[generalizations from their stu&y:_

1. The ease of reduction is I > Br > Cl1 > F, .

2. Polyhalogenation facilitates the reduction and increases the’
number of‘reduction waves. | |

3. Allylic halides undergo facilg,feduction, but vinyl.aﬁd aryl:
halides afe more difficult to reduce.:

4. The ease of reduction of aliphatic halogén compounds increases
as the size of the aliphatic portion decreasés. For example,. methyl-
chloride was reduced but ethylchloride and propylchloride were not re-
ducible in their syétem.

5. Theueaée.of reduction of a h%logeﬁ attached to an afomatic'ring
is similar to that of a halogen attached to a large alkyl group.

6. Controlled-potenfial electrolysis- (Cpe) indigates that in al-~

most all cases polarographic reduction replaces the halogen ‘atom by °

hydrogen, except that vic-dihalides often lose two halide ions to give

an olefin without hydrogen uptake. For example, the e}ectrolysis of
methyl iodide, ethyl bromide, a-bromonaphthalene, allyl bromide, and
2,3-dibromobutane produced methane, ethane, naphthalene, propylene,‘and
2-butene, regpectively. The mechanisms. proposed to account for these

results were:
(@) RX) +e —> ®R-X)"
B) @X)T—>R + X
() R" +e —>R

d R + H,0 —>RH + 0"

L

4l
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* and Br ?r : c ) .
(a) CHd—CH—CH.—CH3 -+ Ze _— CHB—CH—CH—CH3 + Br
B
=) i°
(b) CHj—CHfGH—CH —_ CHB—CHrCH—CH3 + Br

?; The reductions were irreversible and the half—wavé (E%) poten—
tials were pH—inﬁependent in all cases. |

8. The relatively .small slopes of the reduction waves for fhe
halogen compounds were characteristic of irreversible eléctrode re-
actions'and consequently, the individual feduction waves were quite
broad.

| 9. The heights of the reduction waves for the halogens (especiélly-
the chlorides) were lower than the heights expected for diffusion-
controlled prdcesses.

10. The wave heights were proporﬁional to .concentration and there-~
fore, were useful for quantitative determinations. ¥For example, CCl4 |
and CHCl3 were gimultaneousgly determined in a mixture of CC14,_CHCl3,
CHZClz’ and CHSCl. The work described by Von Stackelberg and Stracke
(1) involved polarography and Cpe in 75% dioxane - 25% water and in 90%.
butanol -~ 10% water. The fact tﬁat halide reduction potentials are not
pH-dependent indicates that hydrogen does mot take part in the potential
determining step and that the mechanism must involve at least two steps.

In addition to the radical anion scheme outlined above, Elving (2)

has suggested two additional mechanisms: a) an SNzrlike process, and
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"b) an-SNl-like proceés. In the SN2 mechanisﬁ the cathode acts like a’
_nucleophile apd attacks the carbon .end of the carbon~halogen bond, -then
‘a pair of electroms effects a-backside displacement of halide fon, The |
resulting carbanion is then prétonatedq‘
(a) RCHX + 2e” —> RCH, + X

(b) RCH

; + 8 —>RrcH

3
In the SNl process the carbon-~halogen bond ionizes in the strong
electrostatic field at the electrode/electrolyte interface and the

resulting carbonium ion is subsequently reduced to the carbanion and

protonated.
(a) ' ROH,X —> RCH] + X~
(b) RCH, + 2¢” —> RCH
(c) ROH; +H —> RCH,

~ Thus, in thié context, a difference between these two mechanisms is
that one conceives the digplacement to be effected by a pair of
eléctrons, whereas the other qonceives4the displacement  to be effected
b& the electric field.

Of the three mechanisms proposed, the radiéal anion scheme has _
begn widely accepted since it appears to be best supported by exper-
imental evidence. With regard to the several reduction schemes which
have been proposed, the Sﬁl—like mechanism is the only one that requires
the carbon to acquire a positive charge in tﬂe potential determining
state, By contrast, the other twovproposed mechanisms involve the up—:

take of one or two electrons in the potential determining step. The
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gtudies by Sease and coworkers (3)‘have indicated a negatively-chérged
potential dete;mining transition state, and this conclusion and similar
results by others have ruled out the S l—Lype mechanism, Further ex-
perimental eV1dence for this conc1u31on are rev1ewed by Mann and Barnés
(4), by Perrin (5), and by Eberson and Schafer (6)., A discussion of
the SNZ—like mechanism for‘the electrochemical reduction of the carbon-
halogen bond'is difficult beéause considerable éontroversy has arisen
over the intepretation of steric effects on halide reductions. Occﬁr—
ance of an SNz—type mechanism should cause inversion of the cénfigur—
ation of a carbon afom bonded to a halogen whereas an SNl—type-mechan-
ism presumably-ﬁould lead to tracemization., Lambert and Kobayashi (7)
have made a rather extensive study éf the steric effects on polaro-
graphic halffwave potentials of alkyl bromides. They found that the
ease of re&uétion parallels SN2 reactivities, but that there were ex-
ceptions to this correlétion. "They concluded that the steric effects
were less impo?tgnt than would be the case for mormal SNZ chemical
reactions, For further discussion of this particular study and numer-
ous others, three excellent reviews are recommended (4,5,6). . The
radical-anion scheme is supported by the following observation., It
seems reasonablé to expect that the addition of the second electron to
the radical (R°) in the radical-anion scheme would in some cases occur
at more negative potentials than the addition of the first electron to
the original molecule (RX). If this process occurred, then two-step

polarograms would be observed in these instances. That this is indeed

{0 Y S L T {
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6
jtrue in some cases, is demonstrated by'the reports of dimers CR—R) in
several reaction-products and the correspoﬁding occurrance of two-step
'folarograms (4,5,6). In many cases, the addition of the.second electron
is the predominant pathway, but there are some cases in which dimeriza-
tion can also occur. For example, bromoﬁaleic acid is reduced to a mix-
Euré of fumaric acid, maleic acid, and butadiene-l,2,3,4—tetracarb§xylic
acid (8). The data of Petrovich and Baizer ¢9) on the polarographic
reduction of allyl chloride, allyl bromide, and their 2-carbethoxy
derivatives in aqueous ethanol, dimethylsulfoxide, and dimethyl—
formamide solutions'also supports'the radical anion méchanism."Allyl
chloriﬁe ;howed'only'one redudtion wave, but the other compoundé shoﬁed
twq Or more waves.. These two-step feduétions were interpreted to in-
dicate a radical anion process. In the re@uction of gllyl bromide, the
potential for addition of the second elegtron was more cathodic than for
the first, causing two waves; for al;yl chloride the potéﬁtial required
to add the first electron was at least.equal'to that for the second,
“hence, oné Wave.'

Electrochemical reductions of polyhalogenated hydrocarbons have
been investigated by several groups (10,12,13,14,15,16,17). ﬁhen
aliphatic molecules containing more than one halogen are congidered,
three types are encountered: those containing more than one halogen on
a single carbon, those having halogens on adjace@t carbons, and those

having halogen atoms attached to carbons that are not adjacent, 3Both

gem and-vic halides reduce more readily than éimple halides,  Vic
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halides are more easily reduced than comparable gem halides. Polyhalo-

aromatics usually undergo stepwise reduction. The first reported ex-

ception to this stepwise replacement of aromatic halogen'atoms by hydro-
gen atoms was o-dibromobenzene (10)." The o-dibromobenzene is reduced in
a single four—-electron step to benzene and the suggested reduction mech-

anism involves formation of benzyne as an intermediate,

Br
(a) ©1B+2e'—-9 @ + 2Br
r

(b) i AR AT s

Controlled-potential electrolysis of o-dibromobenzene in‘the presence of
furan produced naphthalene-l,4-epoxide, which was converted by acid
hydrolysis to l-naphthol., The electrolysis solution had to be vigor=-
ously stirred to remove benzyne from the electrode surface before it
was reduced further. A similar electrolysis experiment with

o-dichlorobenzene produced a very small amount of l-naphthol.

00~ U0 O
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Yakobsop and Petrov (Il1) also studiéd tﬁe electrochemical reduction of
'-gfdibromobenzene and confirmed the above reduction scheme. In addition,
they reported that o-bromoiodobenzene and o-diiodobenzene showed three
reduction waves instead of thé two waves ekbected. The preparatory
eleétrolysis of o-diiodobenzene at a potential torresponding to its
first.reﬁﬁption wave indicated that both iodine atoms were lost in one
two-electron reduction. They suggested that. the reduction intermediate
reacts with the mercuré cathode to form diaryl mercury (RzHg) because
organomercurials were identified in tﬁe electrolysis products. This
explained why neither the second nor third half-wave potentials for the
reduction of diiodobenzene corresponded té the half-wave potential of

iodobenzene.

Reduction of Aromatic Hydrocarbons

It is fundamental to this work that any reduction peaks due to the
reduction of the unsaturated hydrocarbon portions of the halogenated
molecules are identified as such, and thereby, not confused with the
reduction of the carbon-chlorine bonds. Peover (18) has reviewed the
elect?ochemistry>pf aromatic hydrocarbons. While saturated hydrocarbons
are not reducible at electrodes; nearly all unsaturated hydrocarbons can'
be reduced electrochemically. Exceptions are compounds containing
isolated carbon—carban double bonds or bénzene rings (1). Thé reduction

of aromatic hydrocarbons generally involves addition of two electrons
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and of two protons to a pi-electron system to produce a dlhydro compound
_H01gt1nk and Van Schooten (19,20) have.examlned the polarographic re-
duction data of twenty aromatic compounds, and have predicted a ;educ-
tion scheme based'on these'dats snd theory..

Q) R+ e‘.\'_—=_\ R®

@) RT+e DR

In bulk solution
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The first step is reversible and potential-determining. If the
solvent system is aprotic, the aﬁion radical (R*) may be stable (21).
At a sufficiently cathodic potential, addition of a second electron
_oceurs as in step 2. The polarogram correspondlng to this scheme shows
two one~electron waves.,

At suffisiently.high proton comcentrations, the anion radical (RTS
" may be protonated. If the rate of diffusion of (R") into the bulk of
the solution is greater than the rate of protonation, the free radical

(RH") will react chemically and the polarogram will consequently show a

single one-electron wave. If, however, the rate of protonation is
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larger than the rate of diffusion, (RH') will be formed in the double

layer., The reduction potential of the neutral radical (RH') for arc-.

matic hydrodarbons has been shown to be lower ﬁhan.that for the parent
hydrocarbons (20). A second eiectron.is thérefore transferred to (RH")
without the ne;eésity of. further change in the electrode botential.

Aceordingly;_tﬁe polarogram will show a single two-electron wave.

Polarographic Correldtions with Theory

For many electrode reactions, half-wave potentials have been found
to correlate with molecular orbital (MO) calculations. The first re—
.dﬁction wave of a number of aromatic compounds correséonds to the
approximately reversible addition of an electron to the compound (22).
Hence, the half—wgve potentiai for.this:reﬁaction corresponds to an
electron affinity of the hydrocarbon. Such half-wave potentials have
been found to give excellent correlations with the Huckel molecular
orbital energy of the lowest unoccupied molecular orbital (LUMO), but
not with the differenées in delocalization energy between substrate and
its dihydro product. This is evidence that the potential-determining
step involves addition of the firsf electron and not the protonation
steps which are subsequent. |

Hoijtink and Van Schooten (19) have theoretically analyzed .the re-

duction processes for biphenyl, naphthalene, anthracene, and phenan= --

threne. They considered the case involving two one-—electron reduction

followed by protonation of the' dianion.

LY (2
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(a) R+e —>R

(b)Y R™ + e —>R-

() R + 2H,0 —> RH, + 206" |
The pi-electron density in the dianion (R ) and the monoanion (RH ) were
calculated and protonation was assumed to occur at the points of max-
imum electron density. They assumed isolated benzene rings and isolated
double bonds would be unreactive. The reduction products and the number
of reduction waves were predicted based on these calculations and the

relationship Eli = ay + C where E_ is the half-wave reduction potential,
2

n.n

a" is the root of the secular equation for the lowest unoccupied
w-orbital calculated by the Huckel method, y is the effective resonance
integral for the hydrocarbons in question (in this case y = -2.25 20,07
eV), and C is a constant for a particular group of hydrocarbons (in this
case it is -1.05 V vs SCE which is the E% for triphenylmethyl, chosen

as a reference compound because the "a" value for it is zero). The pre-

dicted reduction products for biphenyl were

s Ol O

and for naphthalene were
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The values of "a" for the individual compounds of the proposed reduction
schemes will give an indication of the relative value of the reduction
potentials, hence, the number of reduct;on waves. Sinca aj >~a2 aﬁd |
a; > ag for the reduction bf.biphenyl, only the reduction,potential
corresponding to ay will be observed, thérefore, only one.reduétion
.wave was predicted for'biphenyl. However,, a, > ay for the naphthalene
reduction meéhanism aﬁd two reduction waves were predicted,

Relationships between the polarographic reduction of organic
ﬁalides and moleculgr orbital energies have been investigated by Fukui
et al. (23). The linear—cémbination—of—atomic-orbital ﬁoledular orbital
(LCAO MO) methad was used to éalculgte the energies of the lowest un-
occupied o orbitals for three groups of haloalkanes. .Thése results
showed that the substitution of hydrogeﬁ By halogen causes a congider—
able changé in the energy of the lowest unocéupied o levels, but does -
. not significantly change the energiés of the highest oécupied levels.
The lowering of the LUMO o level becomes larger aé the number of halogen
atoms increases. Polarographic half-wave potentials for chlbro-, bromo=-,
and iodomethane were successfully correlated with the energies of the
LUMO ¢ levels, |

The relations between the half-wave reduction potentials and. the
energies of the LUMO o and m levels were also investigated for the
chlorobenzenes and the chloroethylenes., While the energies of the w
orbitals hardly varied and seemed to have no connectioﬁ with the half-

wave potentials; the « orbital energies, on the other hand, were
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strongly affected by the halogen substitution and were found to corre-
late with the halfewave.poten;ials._ The reduction of conjugated halides
was therefore'suppose to represent the electron transfer from the
cathode to the lowest unoccupied'd, rather th;n m level, It was also
suggestéd that, in conjugated halides, the LUMO ¢ level might be lower

than the LUMO 7 level.

'Iﬁteractive Electroanaly£ical'Instrumentation

The theories'of.conventional stationary electrode polarography
(SEP) and the applications of derivative techniques to SEP have been
described (24,25,26,27). The voltammetric curve at a stationary |
electrode in unstirred solution reaches a maximum value (E_) after
which the current decreases slowly as the potential is increased
further. This "current tail" is a matter §f concern in the analysis of
multi-component systems if two or more species react during a single
sweep of the eléctrode potential. Theoretical calculations have beén
made to determine the separation of half-wave potentials required to
permit the dquantitative determination of each species in é multicompon-
ent system (24,28). Only reversible systems were considered and thé
caiculations were done for‘zero—é first—, and second-derivative measure-
' ﬁents., Even though resolution increases with the order of the derdiva-
tive, the quantitative resolution is not ﬁarticularly good when reduc~
tion steps are closer than about 300/n mV (n is the number of electrons

consumed by each ion or molecule of the electroactive'substance).
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Since polyéhlorinated compounds are ﬁsually‘reduced étepwisé, it is

essential to employ an electrochemical technique which will minimize ahy
interference due to overlapping reduction peaks in .order to obtain
accurate reduction data,’ Peroﬁe and coworkers (25,30,31) have demon-—
.strated that interrupted-sweep,. stationary electrode polarography could
be-useﬁ to.dramatically improve,the.quantitative resolﬁtion of inérganic
mixtures where a :rnin:’LmumﬁEl/2 separation of about 150 nV is pfeéent. In
these studies an on-line Hewlett-Packard Model 21l5A'minicompﬁter
equipped with an 8192-word core memory, l6-bit word size, a hardware~
extended arithmetic unit (BAU), a teleprinter, a paper-tape reader and
.pﬁnch, and the necessary interface logic was employed to optimize the
experimental measurement technique by real-time interéction with the
experiment, Two different twb-componeﬁt‘syétems were studied with the”
-computer—con'trolled system, a 30:1, a 100:1, and 1000:1 {T1(I) }'-{'Pb_m)}
_ mixture and a 10:1 {Pb{II)}-{Cd(II)} mixture. For the 100:1 {T1(I)}-
"{Pb(II)} mixture, the second reduction peak was undetectable with.a
first-derivative read-out. With the ingerrupted—sweep, however, not
only was the second reduction peak. detectable, but the measutred value
céme up to 84% of the correct value for first-derivative read-out, and
1007 for the second—derivative réad—out° For the 1000:1 mixﬁure the
second peak was undetectable, even with the second-derivative measure-
ment, The second~-derivative data showed better over-all results than

the first-derivative data and the derivative peak integrals showed
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éreater error than the peak height da?a. The results clearly revéaled
a sigﬁificant improvement in the quantitative resolution of overlépping
reduction signals.

~ Perone and Jones (31) subsequently ;onstructed a hardware device
using the optimum set of experimental pafameters arrived at by the ex-
periments with the on-line minicomputer. The .hardware device was eval-
uated in the intérrupted-sweep SEP experiments using the same two
2~component systems as previously~described. The results indicéted that
essentially identical analytical performance Wés achieved with the hard-
ware device as compa?ed to the software system. Just as in the com-.
putgrized instrﬁﬁent, the minimum peak separation required was about -
150 mV if concentration ratios up ta 100:1 for two-~electron reduction

stePé were to be resolved quantitatively. -

_Numerical'Deconvolution

It is, of course, possible to correct mathematically for thg inter-
ference caused by overiapping reduction steps. Ruzic et al. (32,33) has
applied logarithmic analysis to two overlapping dp polarographic waves
in order to obtain the electrochemical parameters, El/2 and n for rever—
sible reductions or an for irreversible reductions (o is the transfer
coefficient), for each of the components. This logarithmic analysis of
a composite dec polarographic wave gives a composite curve with one

inflection point and two linear parts. TFrom the linear parts .of the

R |
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logarithmic plot, the electrochemical pa?aﬁatersﬁcan be found when the
.difference.between reduction potentials is larger than 20 mV an& when
the slopes of the waves correspond to (F/RT)an = 60.mV, where n is the
nunber pf'electrons, o is the transfér coefficient, F is Faraday's
constant, R is the gas constant, and T is the absolute temperature. The -
analysiS'wés performed first by graphical analysis and then by applying
several iterations.

Peione and Gutknecht (34) have also extracted analytical informa-
tion from SEP data uéing an on—line.miﬁicomputer for numerical decon-
volution of overlapping curves. An empirical equation was develéped
which describes the general, reveréible, stationary electrode polarogram
for several inorganic species., The function was fit to a number of
"standard" polarograms, and the constants of-the'function, as speci~-
fically~detefmined for each species, are stored in core memory. Upon
analysis of an unknown inorganic mixture, these constants were uséd to
regenerate the standard curves, a composite of which is then fit to the
unknown signal. This deconvolution approach enabled the quantitative

~resolution of overlapping SEP curves of similar magnitudes, .the peak
potentials of which were separated by at least 40 mV. |

Perone and Sybrandt C35)_havé evaluated a computerized pattern
"clagsifier for the detection of doublet peaks in SEP. Parameters were
devised that could be obtained from the zero-, first—, and second-

derivative polarograms. Twenty-two parameters were necessary for the
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iéuccessful classification of the theoretical, reversible, upcomplicateé

systems used in thefr study. The work demonstrated that a binary pattern

clagsifier could detect the presence of doublet peaks where the overlap .
was so severe that visual subjective inferpretation from second-

- derivative data was not possiblé. This method e%ceeded the limitg of

conventional derivative peak detection. since a prediction accuracy of

about 907 was realized for polarograms in the range of 6—l4lmV peak sep-

aration, one~to~-three n~value, and 20:1-1:1 peak height ratios.

Properties'of'ﬁalogenated‘HydrocarBons

A~wide.vafiety qf organochlorine compounds is used in industry and
apgriculture. Some of these compounds {particularly the organochlorine
insecticides and fungicidés, the polychlorinated biphenyls (PCB), the
polychlorinafed benzenes (PC®), and the polychlorinated ngphthalenes
‘(PCN)} have attracted conéiderable interest in recent years because of
their ubigﬁity i? the environment. Two excellent general reviews on
these compounds are in the literature (36,37). A review on the togiciﬁy
of chlorinateé-hydrocarbons hag been published (38).

" The quantitation by direct comparison of ;n unknown chlorinated
hydrocarbon, electron~capture gas chromatogrém‘with.thbse of standard
sampleg is difficult because individual péaks in environmental sémples
are sometimes obscured by PCB and'PCN, are completely missing, or'have
considerébly-different relgtive intensities (39). The electron-capture

gas chromatograph has long been employed in the analysis of chlorinated
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hydrocarboﬁs_due to its high sensitivity a-nd relatively excellent
selectivity. However, fmplicit in every gas chromatographic analysis is
the possibility~thaf unresolved and/or unidentified components which
have retention times similar to the desired substance may introduce
serious error into the amalysis. Polychlorinated biphenyls and poly-—
chloriﬁateﬁ naphthalenes may interfere with chlorinated pesticide
residue analysis unless proper cleanup procedures are followed (36,39).
Quantitétion.of PCB and PCN from electron—capture éhrématogfams is
furthex complica;ed because the electron-capture detectof'feséands
differently to -each isomer.

The use of a gas liquid chromatograph/mass spectrometer-(GLC/MS§ for
the.determination‘of interferences in pesticide analysis has also Béen |
reported (40). The mass speétra‘of.PCB and‘ﬁCN are characterized by a
_ strong paren£ ion cluster with an isotopic abundance ratio determiﬂed
by the number pf chlorine atoms substituted on the rings.'\Howéver, the
mass spectra of different PCB i;omers.are indistinguishable because
raridomization of chlorine atoms between pﬁenyi groups occurs prior to
fragmentation (41). Abramson (42) has employed a GLC/MS deconvolution

: / .
: prpcedure to attembt resolution of the many components from a commercial
mixture of PCB. However, the poésibi;ity of inco;rect assignments
occurs where a less substituted biphenyl coélutes~with a more heavily
substituted species, and only the latter is identified. . The identifica-

tion of PCB isomers that coelute was again impossible.
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Chlorinated biphenyls Mixtures of chlorinated biphenyls have been

manufactured since 1929 and the trade names for commercial brands
include: Aroclor (Monsanto), Chlorextol (Allis-Chalmers), Dykanol
(Cornell-Dubilier), Inerteen (Westinghoﬁse), Noflamol (Wagner Electric),
Pyramol (General Electric), Therminol (Monsanto) in the U.S.A.; and
Clophen (I. G. Farbenidustric A. G., Germany), Fenclor (Caffaro, Italy),
Kanechlor (Kanegafuchi Chemical Co., Japan), Pyralene (Prodelec, France),
and Soval (Russia). The Aroclors are designated by numbers (43). The
first two digits represent the molecular type, 12 for chlorinated
biphenyls, and the last two digits give the weight per cent of chlorine.
Thus, Aroclor 1254 is a chlorinated biphenyl containing 547 chlorine.
The commercial PCB products vary in chlorine content from 217 to 70%.

The basic structure of PCB is shown below.

X X X X
x‘ x
b SRR < X X

Any of the positions marked with an x can be substituted by chlorine
and there are 209 possible combinations. PCB have outstanding chemical
and thermal stabilities, and therefore, have the necessary character-
istics for persistence and accumulation in the enviromment. Due to the
physical and chemical properties of the PCB, they have been used in

plasticizers, sealers, inks, adhesives, paints, lubricants, waxes,
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hydraulié fluids, dyes, plastics, fire rat'ard‘ant's,‘ heat transfer liquids,
.dielectrics, ete. |

.Pesticide.residue analysis has demonstrated the presence of PCB
in huméns,_fish,'birdé, COoWs, éeals, polar bears, and in othef samples
(36).. ‘PCB accompany~chlorinated pesticides in the usual extraction and
cleanuf teéhniques, gnd both groups must be separated-beﬁoreﬁquantitatiop
by gas chromatography. Otherwise, PCB residues will in;erfere with the
,determiﬁation‘of the chlorinated hydrocarbon pesﬁicides (39,44).

The potential of PCB for interference with the determination of
chlorinated pesticide residues hés received much attentibh, but the
Aetermination of PCB residies is also.an important area. Although the
constituents of various commercial PCB mixtures have been identified by
gas liquid chromatography (45,46,47), nuclg;r’magnetic resonance spec—

© troscopy (48;49), infrared spectroscopy (50,51,52), and mass spectro-
metry (41,53,54,55,56,57); no practical analytical methods are avail-
able for the determination of halogenated biphenyls containing different
halogens or for the rapid identificatiom of the PCB isomers. A large

. amount of information on PCB can be found.in these reviews (36,37,39,44,
58?59,60,613.

Chlorinated‘naphthalenes The chlorinated naphthalenes have been

suggested as an additional source of interference in the gas chromato-
graphic analysis of organocdhlorine insecticides (62). PCN atre manu-

factured under the trade names of: Halowax (Koppers Company, Inc.,

ot
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U.S.A,), Nibren Wax (Farbenfabriken Bayer, Cermany), and Seekay Was

(Imperial Chemical Industries, Ltd., United Kingdom). These commercial
PCN products vary in chlorine content from 22% to 70% and have proper-
ties and uses similar to the PCB. The Halowax chloronaphthalenes trade-
marks are 1000, 1001, 1013, 1014, 1031, 1051, 1099, 10998, 2141, and
2148 (63).

All eight hydrogen atoms of naphthalene can be replaced by chlorine.

The carbon numbering system is shown in the structure below.

A difference between the chemical behavior of the carbon atoms immedi-
ately attached to those shared by the two rings and those not so linked
is sometimes signified by designating the former a, and the latter B.
There are 76 possible PCN isomers, and Goerlitz and Law (64) have
shown which of the chloronaphthalene isomers may possibly interfere with
the gas chromatographic analysis of pesticides. Beland and Geer (65)
have reported the individual components of Halowaxes 1000, 1001, 1031,
and 1099. Several components of Nibren D88 have been separated and
identified by Cencelj and Hadzi (66). A simple differentiation of PCB
from PCN involving oxidation of the chlorinated naphthalenes, and sub-

sequent gas chromatographic analysis of the unoxidized PCB has been
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Hescribed (67).

‘Chlorinated-benzenes The six hydrogen atoms of benzene can,Be

substituted by chlorine, forming 12 chlorine compounds. The chlorinafed"
_ benzenes were first produced industriall& in England in 1909, aund the
production of chlqrobenzenes.in‘the,U.S.A..began.in 1915. Chlorobenzene
is ﬁsed in the manufacture of phenol- and 1,1,l—trichloro-z,z—bingf
chlorophenyl) ethanef(g#gf—DDT), and as a solvent. ' ngichlorobénzene

is use& in the manufacture of dye intermediates and has minor applicae
tions as an insecticide, B}Dichlorobenzene is uséd as a pesticide’
agalinst moths and a§ an air purifier. A commercial liquid mixture of
trighlorobenéen;s'is used ag a soivent for oil-soluble dyes, a degreas-
ing golvent, dielectric fluid, oil édditive, and a termite exterminant.
The.tetrachlorobénzengs have few industrial applications, howe&er, penta-~
chlorobenéehe is fungicidal. Hexachlorobenzene is used a§ba'fungicide,
~as a wood preservative, in seéd-dressing, and in the manufacture of the
herbicide, pentgthorophenél; Hexachlorobenzene has been found in human
blood (68), in human adipose tissue (69), and in the tissue aﬁd eggs of
birds (JO). The determ;nation of hexachlorobenzene in grain by gas
chromatography was described by~Tayior and Keenan (71). The separation
and quantitative ghalysis of a mixture of monochlorobenzenes and thfee
trichlorobenzenes by gas chromatography using a cdélumn packed with a
mixture of ﬁentone—34 (dimethyldioctadecylammonium bentonite) and DC-200

silicone oil has been reported (72).
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‘Chlorinated pesticides Twenfy—one.organochlorine pesticides and
residues were examined during the course of this research. One séries

of pesticides studied consisted of the substituted dipheﬁyl derivatives

~ of methane, ethané;'and ethylene, Thgse‘compounds are l,l-diphenyl~
ﬁethane'CDPMl, 1,l—bisngchlorophenyi)etﬁane‘QE)Ef-DDN); 2—ch16ro-1,l-
bis(p~chlorophenyl)ethane (p,p"-DDM); l,l-dichloro-2,2-bis(p—chlorophenyl)
ethane ngéf—DﬁD or Ebgf*TDE); 1,1,l-trichloro~2,2~bis (p~chlorophenyl)
ethane'QE,EvaDT); l,l,i,Z-tetraéhloro—z,z-bis(Efchlorophenyl) ethane
(2!2f~DTE); 1,1,1=trichloro-2,2~diphenylethane (DPE); i,l-bis(gfchloro- .
phenyl)ethylene qufFDDNUi;,2—chioro—1,l;bis(p—chloropheﬁyl) ethylené
(p,p*~DDMU) ; an& l;l—dichloroéz,2-bisQg7chlorophenyl)ethylehe QE}Bf—DDE).~

The structures of the DDT family are depicted in Figure 1.

.The‘remaining pesticides anaiyZed wers 1?2,3,4,5,6~hexachloro-
cyclohexane tlindane or Y-BHC); 1,2,3,4,10;lO—hexachlorOwA,4,4a,5,8,8a—
. hexahydro-endo-exo~l,4:5,8~dimethanonaphthalene (aldrin); 1,2,3,4,10,10-
hexachlor0*6,7-epoxy-l,4,4a,5,§,7,8,8a—octahydro-endo-ex;-l,4:5,8-
dimethanonéphthalene (dieldrin); 1,2,3,4,10,10-hexachloro—6,7~epoxy—l,4,
_4a,5,6,7,8,Sa-octahydro~endo-endo-l,4:5,8-dimethaﬁonaphthalene (endrin);
1,4,5,6,7,8,8~heptachloro-3a,4,7,7a~tetrahydro~4,7~methanoindene Chepta-.
chlor); 1,2,4,5,6,7,8,8~0ctachloro-2,3,3a,4,7,7a~hexahydro-4,7-methano~-

indene (chlordane, the l,2-chlorines can be 'cis or'transj; 1,2,4,5,6,7,

8,8~octachloro~2,3~epoxy~3a,4,7,7a~hexahydro~4,7-methanoindene (oxy-
chlordane); 4,5,6,7,8,8~hexachloro-3a,4,7,7a~tetrahydro-4,7~methanoindene

(chloxdene)s 1,2,4,5,6,7,8,8-octachloro=-3a,4,7,7a~tetrahydro~b 7~ .
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Figure 1. Structures of DDT and related compounds
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methanoindene (dichlorochlordene); and 2,4-dichlorophenoxyacetic acid

(2,4~D). The pesticide structures are depicted in Figure 2.




STATEMENT OF THE PROBLEM

The research prob}em originated in 1970 as a nesuit'of the limit-
ations upon the common analytical methods used in the analysis of chlor-
inated hydrocarbon pollutants and organochlorine insecticides. The
chrométogfaphic procedures normally used for the analysis of chloriﬁated
hydrocarbons were limited by the fact that the analytical information
. obtained by any one method wés generally insufficient to warrent more
than tentative identifiéation. This ambiguity arises due to the fail-
ure of normal chromaFographic procedures to establish a set of distinc-—
tive properties which could serve as a "fingerprint" for each compound.
When the isomeric polychlorinated biphenyls were also identified in the
environment, the net result ﬁas a state of‘considerable confusion. The
various PCB isomers interfere with the analysis of the common insecti-
cides such as DDT and DDE, and in addition, the composition of the PCB
mixtures was entirely unknown. During the past twé years, other famil-
ies of chlorinated hydrocarbons with unknown compositions have been’
suggested as additional sources of interference in pesticide analysis.
Two of the additional suspects are the polychlorinated naphthalenes and
the polychlorinated terphenyls.‘ Like the PCB, the PCN compounds are
isomeric mixtures. Because of all these factors, a new analytical
method was needed,

Two basic Eritefia were required of the new analytical techniques

first, it should provide for rapid classification whereby classification

L N\ 7
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is defined as the assignment of a'compound to alparticular group or
class of compounds, ‘i.e., is the compound a PCB of a PCN3 and second,
it should provide for idenfification whereby identification is definéd
as the assignment of a unique chemical structure to é compound, i.e.,
the process. in which sufficient properties of an unknown compound are
matchéd in a one-to-one manner with thosé of a known structure. Hope-
fully, the new method would also be uncomplicated so as to be spitable
for routine identification, and in addition, would be relatively
inexpensive,

With these basic criteria in mind, the decision was made to invest-—
iéate one of the oldest instrumental techniques, polarograﬁhy. The re-
cent advances in electronics appeared to be capable of overcoming the
various problems associated %ith normal polarographic analysis, and if
the electronic sophistication was indeed realistic, it could also be
performed at minimal cost. The possibility of using the acquired elec-
trochemical reduction data for possible insight into the proposed
organochlorine degradétion process of reductive dechlofination was

another impoxrtant consideration.

A large number of organic halogen compounds have been reduced elec
trochemically; and these suggeséed that a simple, predictive relation-
ship might possibly be found between the reduction potential and the
position of a particular chlorine atom on the parent molecule. If this
were indeed the case, then it should be feasiblé to use such an electro-

chemical reduction scheme for identification of a particular compound.




. (D AL L

: 29
' 1t was also known that the parent aromatic molecules of the PC®, PCB,

and PCN (which are benzene, biphenyl, and naphthalene) diéplay ,
different reduction behaviors; and if these reduction behaviors were
actually valid, then it should be possible to use the characteristic

aromatic hydrocarbon reduction as a basis for classification.
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EXPERIMENTAL

Electrochemiéal Celié and ‘Electrodes

The polérogfaphic cell uséd in this work was tﬁe Sargent No,
S5-29405, small volume H-cell, A soiution volume of 3 ml was adopted
for the working electrode compartment. The solvent and supﬁorting
elect;olyte were placed in the reference electroae compartment and .
solvent, supporting electrolyte, and electro;ctive species were placéd
in the other side.

Several kinds of working electrodeé were initially examined,
-although the major portion df the research was performed with a'mercury—‘
coated platinum (Hg-Pt)-electrode-that was prepared according to the
procedure described by Enke et al. (73). This electrode has the elec—
trochemical surface properties of ﬁercury'in voltammetric applications.
The Hg-Pt electrode was rinsed with distilled water anﬁ thoroughly
cleaned in concentrated nitric acid, and then replated with mercury
between samples. Triple-distilled instrument mercury from Bethiehem
Apparatus Co., was used throughout this work. The stationary Hg;Pt
electrode had a wérking-surf;ce of 42 mm2. Two- other stationary elec~-
trodes were investigated: the ChemtriX.No° A-TIT glassy carbon electrode,
and a Beckwith darbon Corp. No. R-292 vitreous carbon rod mounted in a
polycarbonate tube or in a glass tube,

| The auxiliary or couhter electrode was a 20 gauge, coiled platinum

wire and the reference electrode was a Sargent No. S-30080-25 saturated
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/calomel electrode (SCE). All cell potentials reported in this paper
are potentials measured against the SCE.. The SCE is the moét'widely
used reference in nonaqueous solvents even though large and unknown
junction potentials are encountered (74;75). However, these potentials
are reproducible in correctly disigned éystems (76,77,78).

| The electrolysis cell constructed for the controlled-potential
coulometric and electroiysis experiments was similar to the cell'devel—
oped by Freund and Lindbeck (79). This three-compartment cell is illus-
trated in Figure 3. The refgrence (SCE) and auxilary (Pf wire) side
cells were connected to the electrolysis dompartment by fine—porosity
glaés frits. The nitrogen inlet t; the working compartment was a dis-
posable glass pipet held in positidn by a cork. The side tube on the
-center cubicle contained a platinum wire which maintained electrical
contact with the mercury-pool electrode. ‘A Teflon-coated stirring bar
and a TRI-R Instruments Model MS-7 magnetic stirrer were used to
agitate the surface of the mercury pool.
Materials

Solvents and supporting electrolytes The organic solvents dimethyl-

sulfoxide (DMSO); N,N-dimethylformamide (DMF); and acetonitrile were re-
agent grade from the J. T. Baker Co. These solvents were used directly
from the manufacturer's bottle with no additional purification. Prac—
tical g;ade propylene carbonate from the J. T. Baker Co. was purified by

vacuum fractional distillation. The middle fraction from 112-112.5°C at
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10 Torr was collected and stored over Da&iéon Type 4A molecular sieve;
.The hexane was from the J. T. Baker Co. and was distilled for further
purification.,

Tﬁe.aliphafictquaternafy ammonium salts employed as supporting
electrolytes were tetraethylammonium bromide.(TEABr), tetrasthylammonium
perchlératé (TEAP), and tetrabutylammonium iodide-tTBAI). TEABr and

;]
TBAI‘were Baker grade reagents from the J. T. Baker Cb; TEAP was pre~-
pared from TEABr according to the method of Kolthoff and Coetzee (80).
Anhydrous sodium perchlofate was obtained from the G. Frederick Smith
Chemical Co.

The solvent system selected for the réductions of the chlorinated
hydrocarbons was 0.1 M TEABr in DMSO. The electrochemical cell was
thermostated at 25°C & O.lOC; All voltamméffic and electrolysis solu-
~ tions were déaerated with nitrogen thét was paésed througﬁ three gas=-
washing bottles for further purification., The first two gas-washing
bottles contained vanadous chloride solutions (81) in order to remove
oxygen, and the third gas bubbler contained DMSO. All gas tubing was
constructed of Tygoﬁ because air diffuses .through rubber tubing at an
appreciable rate (81).‘

Organic reagents Benzene, chlorobenzene, o-dichlorobenzene,

i m-dichlorobenzene, and p-dichlorobenzene were Baker analyzed reagents
" from the J. T. Baker Co. 1,2,3-, 1,2,4~, 1,3,5-Trichlorobenzenes;

1,2,3,4~, 1,2,3,5-, 1,2,4,5—tetrachlorobenzenes; pqntachlorobenzene;
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and hexachlorobenzene were obtained from the Aldrich Chemical éo., Inc.
The solid. chlorobenzanes were recrystailized from ethanol or ethanol-
Beﬁzene solutions.

The naphthalene was reagent grade from Allied Chemical and 5yg
Corp. The monochloronaphthalenes were Baker grade reagents froﬁ.the
J. T, Baker Co. 1;8—, 2,3=, l,2-Dichloronaphthalenes an& 1,2,3,4,5,6,
7—héptachloronaphthalgne were synthesized by Beland ‘et al. (65). The
rest of-the.chloriqated naphthal;nes were obtainea from Dr. Julius Hyman,
Berkeley, Californiaj Dr. Ludvik Cencelj, Univ. Institute of Baris
Kidrie, Ljubljana, Yugoslévia; and Imperial Chemicalllnduétries, Ltd.,
England.

The biphenyl was Baker grade reagent from the J. T, Baker Co. and
the p~chlorobiphenyl was from the Aldrich Chemical Co., Inc. 2,3,5,6-
Tetrachlorobiphenyl and 2,3,4,5,6~pentachlorobiphenyl were 997 pure
compounds onm.Analabs, Inc. -

The 2,3, 6-trichlorobiphenyl was synthesized in the following man-
ner, 2,5—Dicﬁloroaniline (mp = 49-50°C) was acetylated with acetic
anhydride and the aéetylatéd producé (mp = 131—13200)_Was recrystallized
twice from benzene. Then, 0.49 moles of the 2,5-dichloroacetanilide
was nitrated with acetyl nitrate-acéording to the directions of Sandler
and Karo (82). A mixture of 2,5—dichlo:o—4¥nitroacetanilide; 2,5-
dichloro-6—nitroacetanilideﬁ and 2,5—dichloro—436—dinitroacetanilide, :

was obtained. The 2,5-dichloro—6—nitr6acetanilide (mp = 203-20500) was
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Iisolated from this mixture using the procedure &éséribed by Tas and
Kleipool CSl)r The resulting 0,0073 moles of 2,5;dichloro—é-nitro—
acetanilide was converted to the corresponding aniline (mp = 66°-68°C)
by heatiné.at 95°C for 45 min iﬁ concentrated sulfuric acid. A
Sandmeyer reaction on 2,S—dichlorq—6—nitroaniline produced. 2,3,6~
trichlbronitrobenzene ﬁhich.subsequently was reduced by stannous |
_chloride. A Gomberg reaction using the method of Weingarten (83),
where the 2,3,6—trichloroanilina was diazotized with sodium nitrite
and hydrochloric acid at SOC, and then added to benzene, gave ghe
2,3,6~trichlorobiphenyl.
| The remaining chlorinated biphenyls were synthesized by F. A,
Beland, Montana State University, Bozeman, Montana, and the syntheses
have been briefly’describéd (84). —

The chlérinated-insecticides (lindane, endrin, dieldrin, aldrin,
and heptachlor) were 99%‘pure compounds obtéined from Applied Science
Labs, Inc. Dr. J. C. Street, Utah State University, Logan, Utah, pro-
vided the samples of cis-chlordane, trans-chlordane, chlorodene, di-
chlorochlordene, and oxychlordane.

_ The chlorinated herbicide 2,4~dichlorophenoxyacetic écid was ob-
tained form the Aldrich Chemical.Co., Inc.

The synthesized PCB were copfirmed by‘maés spéctrometry‘and melt-
ing points. A Varian CH 5 mass spectrometer and a Fisﬁer—anes melting

point apparatus were used. The purity of each PCB, PCN, and PC® was
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éetermined by GLC.. A Varian Aerograph Series 1200 gas chromatograph
with a tritium electron-capture détector, and a 10 ft x 1/8 in. glass .
column packed Qith.lOZ Carbowax 20M on 60/80 mesh Chromosorb W, or a
mixed 57 Bentone 34, 107 OV-10l on 100/120 mesh Supelcoport.was utilized
in this analysis.. In addition,.an F & M.Biomedical ﬁbdel.400 gas
chromatograph with a flame ionization detector, and a 6 ft x 1/4 in,
glass column packed wiéh 34 0V-101,0om 1Q0/120 mesh Chromosoxrb W was

usedf

‘Coulometric Instrumentation

’ Figure 3 p?esents the échematic diagram of the.coulometric inst£u4 
ment, Operational amplifiers 1, 2, and 3 form a conventional potentio-
stat circuit (85). Operational amplifier 4 is a unity gain inverter,
The two transistors, Q1 and Q2, function as current-voltage boostaré
~and ére necessary in bulk electrolysis work where the output voltage
and current demands may fall outside of the usual bounds of the opera-
tional amplifiers. A Heath Model EU—SOA.voltage réference source and
a Leeds and Northrup Co. 10 kQ precision resistor (R9 of Figure 3) were
.use& to calibrate the coulometer and voltage-to-frequency converter

{a Heath Model EU~800-HB V/F card). Two counters were emplo&ed in the
coulometric determinations: a Heath Model EU~805AA universal counter was
used to collect the total electrolysis count; and a Heath Model SM~110A-

frequency counter was used to obtain the electrolysis count at any time.
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_:Figure 3, Schematic diagram of the coulometric and electrolysis
/ instrumentation., Circuit componentst opérational
émplifiers 1, 2, 3, &4, pA741C (Fairchild); Q1, 40389 (RCA);
Q2, 40410 (RCA); S1, 82, SPDT; Cl, 0.1 wF; R1, R3, R4, R5,
R7, R15, 10 k&, 5%; R2, lQ k2, 10-turn po;entiomeﬁer; Ré6, R8,
R1l, R14, 10 k@, 20—pu:n'3qyen£iométgr; R9, 10 k@ pfecision
resistor (Leeds agd Northrup:Co.); R1D, 3 k@, 5%; R12, R13,
19 k@, 1%Z. The magnetic stirrer is a TRI;R'Instruments
Model EU-800-HB card. The frequency counter is a Heatﬂ

Model 8SM-110A and.the accumulation counter is a Heath Model

o
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Potentiometer R2 sets the desired electrolysis potential,

To zalibrate the coulometer; first of all, the V/F converter must
be adjusted so that its output frequency is proportional to the voltage
applied to its input. This particular voltage—céntrolled’oscillatér had
a 1inear voltage range from 0.0 V to +2.b V. For an illustration of the
data, refer to Table XVII of Appendix I. After thé V/F cénvefter had
beeﬁ adjusted, then switch S2 was connected to R9. The ouﬁput of the
voltage reference source ig connected through R9 and S2 to the input of
amplifier 3 which fuﬁctions as a curreunt-to-voltage converter. The
current supplied .to the.inﬁut:(iin) of the current-to-voltage converter
can be calculafed from iin = Eref/RQ._ Consequently, if the 6utput "
frequency of the V/F converter is determined; then a calibration factor
in number of coulombs (Q) per number of counts can be determined:

Q= iin(A)/f£eq (Hz). The coulometric calibration data is illust?ated
in Table XVIII of Appendix I. This coulometer calibration was qheéked
beforé éach coulometric experiment and was very reproducible. Table XIX

of Appendix I shows the daily reproducibility of the coulometric cali-

.bration factor.

Coulometric Procedure

-

A 10 ml sample of 0.1 M TEABr in DMSO solution was blaced into the
center combartmént of the electrolysis cell and deaerated with purified

nitrogen gas while being stirred. The nitrogen gas was also continually

e L
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passgd through the solution during the entire eIéctrolysis. Sufficient
0.1 M TEABr in DMSO solution was added to the reference electrode gide
of the electrolysis cell so that the solution level was maintained 4t
the same height in the refergnce side asAin the centef comﬁartment.
Approximately 10 ml of a 0.1 M:TEABr in DMSQ solution, which was also
approximately 0.01 M in hydrazipe sulfaté, was added to_the.auxiliary
electfode compaftment. The hydrazine sulfate was added to prevent
anodic attack on the electrode, evolution of bromine, and other un-
desirable processes (86).

_ With a continuous flow of nitrogen gas through the stirred solu-
tion, pre—electfolysis of the desgired poteﬁtial was allowed to proceed
undisturbed until the current decays to a steady~vaiue as indicated by
a- constant bgckground frequeﬁcy. The potentiostat was then disconnected
from the cell and a known volume (100 ul) of a stock solution contain-
ing the chlorinated hydrocarbon was added to the working e;eétrode_com—
partment. Then the potentiostat was turned on again and the electroly=-
sis was'allowed to proceed without further attention until it had pro-
ceeded virtually to completion as indicated by the frequency counter,
During the electrolysis, the total electrolysis counﬁé were accumulated
on the Heath universal counter aﬁd the total electrolfsis time was
recorded.

To calculate the value of n (the number of electrons consumed by

each molecule of the electroactive substance for the electrode reaction),

Jdl
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a background count. was suﬁtracted from the totai count accumulated

* during the electrolysis., This corrected number of counts was then
multiplied by the coulometric calibration factor and the product, was
Q, the number.of coulombs. Once Q was known, n could be evaluated
-ﬁsing'the equation: n = Q/FNo where Nd is the number of moles .of the
electroactive substance present at the s£art of the electrolysis and
_F is fhe Faraday. A sample Calculation of n' from Coulometric Data

1s shown in Appendix I.

'fEiéétféigéisfInStrumeﬁtation'aﬁd'Procedure

| The apparatus used for coulometry was also employed for the bulk
electrolysis, the only diffe;ence being that the accumulation counter
of Fipure 3_wés not necessary in the bu;k.electrolysis.gxperiments.

The pre-electrolysis procedure for complete electrolysis was ex-

actly as described in the coulometric procedure. After pre-electrolysis,

the potentiostat was disconnécted and a known volume (500 ul or 1000 ul)
of a stock solution containing the chlorinated hydrocarbon ﬁas added to
the cell and the electrolysis was allowed to proceed to virtual comple-
tion. At this point in £he electrolysis, a 1 ml sample of the‘electroly-
sis solution was withdrawn and saved for subsequent chromatographic an—
alysis. The cell potential was then moved to a new voltage correspond-

ing to another reduction wave and the electrolysis was continued. Thig

process was repeated for every reduction wave of that particular N
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compound . ' ' "

The 1 ml electrolysis samples were each. extracted in the following
manner, First,.S ml of hexane was added to the 1 ml electrolysis sam-
ple and the mixture was thoroughly shaken. Then the resultant mixture
was extracted with three separate 5.ml aliquots of distilled water. The
organié layer was carefully separated from the aqueous layer, and evapor-
ated to anut 0.5 ml by blowing nitrogen gas into the container. These
concentrated electrolysis extfacts were subsequently analyzed by GLC.

A Varian Aerograph Series 1200 electron-capture gas chromatograph -
was used for the identification of the electrolysis products. The glass
10 £t x 1/8 in. chromatographic column was packed with a mixed 5%
Bentone 34, 107 OV-101 on 100/120 mesh Supelcoport. The operating‘para—
meters were: injector temperaﬁure lQOOC, oyén‘temperature 180°C, and
~detector temperature 190°¢. Nitrogen wags used as the carrier gas with
a flOW'rate,of 30 ml/min, The individual isomers of the PCB and PC®
were injected to establish known retention times. Refer to Tables XX
and XXI of Appendix II for these retention times. The identification of
unknOWn gas chromatographic peaks from the electrolysis extrac?s was
made by comparison of retention times.

The electron=capture detectﬁr response to chlorinated aromatic com-
pounds has been shown to véry~greatly’depending upon the number of chlor~
ine atoms and their position in the molecule_(87,88). Thus, the elec-

tron-capture detector responses of the PC® and PCB with chlorine atonms
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on ‘ona phgnyl ring were examined. Tables XX and XXI of Appendix I pre—.
se@t these detector responses. Using these experimental detector re-.
‘sponses, the gas chromatographic peaks‘fér the eledtrolysié redﬁqtion

products were used for quantitative identificatiom.

Programmable Waveform Generator

The preliﬁinary séudies concerning the volfammetric properties of
the organochlérine compounds required a waveform generator which would
be versatile, yet inexpensive, therefore, a solid state signal generator
was designed and constructed, The features of this signal generator
make it especially useful for solid electrode applicétions.

Circuit design and operational features A block diagram of the

waveform generator, the potentiostat and the recording system is pre-
sented in Figure 4. The ramp generator, which is enclosed by the dashed
box, is connected to a conventional controlled-potential unit which also
contains the initial potential control., The potentiostat used in this
work was the Héath chopper-stabilized system (EUA—IQ—Z; EUW-19B, and
EUA=-19~4). The circuit design permits sweeps to be initiated by the
~no-bounce switch circuitry in addition to other external control devices.
The voltage output of the current—to;voltage converter in the controlled—
potential unit is amplified by an extermal oﬁerational amplifier, The
amplified signal. ias passéd fo the first- and sécond-differeﬁtiator net-

works, and then made available to the storage oscilloscope for display.
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Figure 4. Block diagram of Fhé programmable wa,veforr&; generator
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The electrochemical cell potential is measured at the output of
. the voltage follower in the potentfostat circuit. The applied cell
potential is connected to the'signai generator, where it i1s monitored
by several highrspééd differential comparators. The output voltége
from the generator is returned to the summing amplifier in the con-
troileﬁ—potential unit and is used to.geﬁerate the voltage sweep applied
to the electrochemical cell,

Figures 5, 6 and 7 present the complete experimental apparatus in
more detail, Figure 5 is the schematic diagram which corresponds to the

’ following portiong of the block diagraﬁ: the square wave generator, the

_sfmmetry-control, the comparators and enable logie, the hold control
flip~flop, and the diode gate or analog switch. This part of the in- .
strument is similar to a published circuit (89), but fhere are several

" changes in the circuit design in addition to component differences be-
tween the two circuits.

High speed comparétors l4,~an& 16 thfough 18 are used to compare
the electrochemical cell voltage tolthe potentiale at Bl to B4, Bl
through B4 are l0-turn potentiometers which are connected to regulated
power supplies., The voltages form Bl and B2 are used to set the cath-
-odic and anodic potentfal scan limits, respectively. The outputs from
comparators 14 and 16 are fed into the bases of two npn switching tran-
sistors, Q6 and Q7, which in turn supply the logic commands to the

direct =et 8y and direct clear C, of J-K flip~flop ¥6. Variable

D
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resistor R52 is the waveform symmetry control. The Q oﬁtput of F6 pro-
vides the square waves, which are amplified by operational amplifier 10
and integrated by operational ;mplifier 11 of Figure 7. The values of
resistors R17, Rl8;and R34 in éddiﬁion to the vélue of capacitor C5 can
be varied in order to change the.scan rate,

If anédic scans are néeded,'the two'inverting operational ampli-
fiers 9 and 15 are switched into the active ecircuit. Inverter 9 is
located’at the output of the integrator and causes an equal but .
opposi;e polarity voltage scan to appear at the summing amplifier 2.
Inverter 15 is available at the output -of the voltage follower 1 and
returns the cell potential to the polaritylof the integrator outpﬁt.
Thus, the differential comparators sense but one polarity regardleés of.
the polarity of the,electrochéhical.cell voitage. When cathodic scans
are employed.for reductions, the two inverters are bypassed by means of
the switching ﬁetwork 531, S12, Sl4,and Slé.

For voltage ramps that do not require the hold operation, the cir-
cuit represented by the lower half of Figure 5 is inactivated by con-.
necting S4 of Figure 7 to‘operafional amplifier 10 rather than to the
diode gate of Figure 5. It is aléo necessary to disable the strabes on
comparators 17 and 18 by means of switches S19 and 521, When the gtrobe
términal is held to ground level, the output of the comparator cannot
change (90).

In those.wavefofms where.a hold in the voltage ramp ig required,

Lit,
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the lower portion of Figure 5 is activated by releasing the strobes on

comparators i7 and 18. These comparators are used for sensing the hold

voltages and provide outputs which control the iogic gates. In addition,
switch S4 must be connected to the output of the diode gate. B3 and B4

are used to set the desired hold voltages. The strobes of comparators

)

17 and 18 are now controlled by the two npn switehing transistors 08 and °

Q9. Logic control for these two transistors comes from either Q or Q
of flip~flop F6 via switch Sl8. When the electrochemical cell poténtial
"éxceeds fhe reference voltages of B3 and B4, the outputs of the compara~
tors change logic state, Although.not shown on the schematics, it was
necessary to have some hysterésis in the comparator transfer chargcter—
istics in.oraer to provide the necegsary noise immunity. In order to
prodﬁce the required hysteresis, a resistor feedback network was con-
nected betﬁeen the comparator output and the reference input (90). (For
. an.illustfation of thé hysteresis network, refér to the comparators of
.Figure 8 since the resistor feedback Eircuit shown is the same in both
cases,) A transition in the output of comparatoré~l7 or 18 will toggle
-the J-K flip-flop F7 and cause a 1ogic'change in the output of F7. The
output transition of F7 appears as thg di;ect set SD of the hold control
flip~flop f8. When the outputs, Q and Q, éf F8 change state, a ground
potential will appear at the ippu; to ;he-integrator as a rgsult of the

action of the diode gate or amalog switch (91,92). The integrator out-

put will be held at a constant voltage as long as the inverting input is
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Figure 5. Part 1 of the 's.che.matic diagran; of the waveform genérator,.
potentiostat and recording system.' Circuif componenté: B,
32., B3,. B4, 10 kR, lO0~turn potentiometers; comparators 14, 16,
MC1435F (Motorola); comparators 17, 18, pA711C (Fairchild);
‘operafional amplifier 15,‘pA74lc (Fairchild); F6, F8, MC726P
CMotoro]_‘.a); F7, pL9923 (Fairchild); DI-4, CA3019 (RCA); Qé, Q7 ,.
.2N23.68 (Moforola)} 08,09, Gb:ieQOOi {General Micro-electronics);
DI=1, DI-2, DI-3, IN458 (Motorola); Cl2, C13, 1000pF; Cl4, Cl15,
118WF; R46, RSO, RS3, RS4, R59, R6D, 10 kR, 5%; R47, RS1, 1508,
‘ sz; R48, R52, 1kQ , 5%; R4Y, 516@, 5%3 R56, 100 kg,‘sz; R57,
56 kQ, 5%; R58, 50 kQ, 20-turn potentiometer; Réi, R62, 5.1 k&,
5% si2, s13, sl4, S16, s18, 523, SPDT; 515, §17, 519, 821, DPDT; -

$20, SPDT, center off; $22, 3PDT.
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~ Figure 6.

Part 2 of the schematic diagram of the waveform genéré.tor.-
Circuit components: Oscillator, Philamon M':pdel J; Q3, Q4,

21\?5459 (Motorola); _QS, GMe90001 (General Micro-;electropics).;
operational ampli’.fier 12, pA741C (Fairchild); comparator 13,
BA710C, (Fairchild); F1, MC726P (Motorola)s F2-F5, hLO9Is3
‘(Fairchild); BCl, MC777P (Motorcla); DC-DCA, MC780P (Motorola);
multiplexer, MCY9701P (Motor.ola); G5~G8, L9910 (Fairchild);

G4, PLYYD7 (Fairchild); G9, 1L9927 (Fairchild); R35, R38, 1 MQ,
593 R36, 3.9 k@, 5%Z3 R37, 10 kQ, 20~tura potentiometerj R39,

R41, 100 k@, 5%; R40O, 5 kﬂ, 20-turn potentiometer'; R42, R44,

10 k@, 5%; R43, R45, 1 kQ, 5%; C6, 2,2 pF; C7, 0,01 nF; C8,

0.047 1F; €O, 35 jF; C10, 47 pFs.Cll, 100 pF3 S5-s11, SEDT.























































































































































































































































































































































































































































































































































































































































































































































