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INTRODUCTION

The role played by catalytic dehydrogenation in bioclogi-
cal oxidation was first pointed out by Heinrich Wieland
(1922). In his theory he postulated that respiration pro-
ceeds through an sctivation of hydrogen by specific dehy-
drogenases and a subsequent transfer of the labilized hydro-
gen Lo oxygen as a hydrogen acceptor.

Opposed to this conception of the mechanism for respir-
ation was Warburg (1928) who believed that the activation of
oxygen, not hydrogen,was of primary importance. The most
generally accepted theories of today embrace both of these
mechanisms. It is well known that all oxidations in which
oxygen acts as a hydrogen acceptor 4o not proceed wccording
t0 the same mechunism and that ln many cases the activation
of both the substrate and the acceptor 1s necessary. Iven
this activation does not always prove satisfactory, and we
have entering as a further complicating factor many inter-
medlate hydrogen cerriers. According to Oppenheimer (1939),
the hydrogen transfer represents the disturbance of an equi-
librium whereby the hydrogen of an orgenic compound, called
the donor, is firet labilized and then shifted to another
compound, the acceptor, in sccordance with a thermodynamie
potential. If the process involves the final transfer of

hydrogen to molecular oxygen as an acceptor, it is called
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respiration; on the other hand, if some other substance
accepts the labllized hydrogen, 1t is called fermentation.
In either cese the general mechanism may be represented by
the following simple squation:

DH, + Act ———> D + &ccﬁz (1)

2
The above reaction can procesd spontaneocusly from left to
right only under those conditions of temperature and con~-
centration whioh will cause it to yleld energy. It is from
such dissimilution reactions that bacteria obtain esnergy
for growth, reproduction, movement, maintenance of body
temperature and the other life processes. Even though the
thermodynamlc potential may favor the occurrence of a cheme
ical resction it may be opposed by kinetic hindrances. The
reaction can, however, be speeded up greatly by inserting
reversible oxidstion-reduction systems cupable of accepting
hydrogen from a donor of lower potentlal and giving it up
agaln to an acceptor of higher potential,

DH, + Cat, ==D + Cat.Hy, + Acec <D + Cat. + AccH, (2)

By means of this reversible action of the catalyst, the
"anergy barrierg® are destroyed and the reaction proceeds
at & more rapld rate.

It might be nointed out that in bilologiecal processes &
reaction having a thermodynamic potential that is too steep
is likely to bes inhiblted. The interposition of catalysis

of intermediate potential cauzes a more stepwise yielding of
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energy which seems more favorable to the living organisnm.
vany of the sugars and thelr intermediate products of metabo-
liem heve very high negative potentials and sre not capable
| of giving‘tneir hydrogen directly o molecular oxygen. A
whole series of catalysis with greded potentlals 1s required
in this cege 1ln order that the hydrogen may be transferred
from sugar to oxygen. The words of Oppenheimer and Stern
(1939} are appllcable here, "Considering vioclogical oxida-
tion from the standpoint of snergetics we find that the hydro-
gen in the course of its transfer follows & path prescribad
by the thermodynsmle potentlal: starting at a high reduc~
tion potential level it sinks to a low level, loosing con-
stantly free energy and performing as much work as possible
in scoordance with the energy requirements of csll metabo-
lism. The energy is llberated by the chaln of coupled re-
actions which we call oxido-reduction processes. Dsehydro-
genation, i.e., sepuration of hydrogen from a donator, in
the physioclogical temperature range is aslmost always an
endothermal process. Only its coupling with hydrogenation
vields an over-all reaction with liberation of energy".
(page 4)

Treating each of these donor-acceptor reactions sepa-
rately as an isothermal and reversible process one can deter-
mine, from the oxidation-reduction potential of the systenm,the
amount of free energy yvielded in each successive transfer of

hydrogen. 'The process may begin with a substance of high re-



ducing power such o8 ¢ sugar. Uxidstion-roduction systems of
suitable potentials sre provided as catalysts and the hydroe
gan 1ls first handed over to a syvsbem of lesgs negative potsn~
tiul than that of the sugar., The noral potential of zero
{at pH 7) is finelly rosched =ud the positive range is en-
tered vihere the respiratory ferment apd coytochrome coaec into
play in prepsring the hydrogen for its final travnsfer to oxy-
gon, thereby terminating the chaln., In snserohic metebolism
no high potentials sre resched ag the hydrogen filnally is
linked to an crganic compound which ig stable under the exist-
ing corditions. The ultimste aim of cell wetebolism, however,
seews to be the final transfer of ergsnically bound hydrogen
to@myren with the formation of water,

The oxidutive diﬁéimilmtian of slcohols by the wcetic
a0ld bacteria offers an iﬁt@r&gting cuse of cell respirution.

These baeteriu, caspeelially the .acstubucter suboxydans, are

noted for thely nild oxidwetive aetion on wlcoholy resulitlng,
for the gresater psart, in ¢ sisple dghydérogenation of the al~
cohol to & kotone or of an saldehyde to an weid. Ipn Tact, it
wo the wetion of the wcebtle ucid bacteria in couverting ethyl
aleohol into secetlic ucld whieh led Vilelund to sxtend his
theory of catalytie dehydrogenation to bilochenical ozidations.

for exanple, the iscetobacter suboxydens 1s uble to transform

glycercl into dibhydroxy..cetone with a very high prroentage

yield. &ccording to the theory of “ieland, this oxldatlon in-
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volvas a direct tranafer of the activated hydrogen of the sube
strate to molecular oxygen as an weceptor.

glyearcl L+ _Cg—>dihydroxyscetone + Hp0 (3)
ganydroganasa

The systen is possgibly much more conplex thon the ehove cguie-
tion would indicete. Shibate {1938} has pointed out that with
the acetic acid bucteria thy activation of hydreger alone 1s
sufficient only when wun werobic dehydrogenasze und an ubundant
supply of oxygen are oressnt. Yhen these requirements are not
st the cyvtochrome system may play an lmportant role.

If we consider oxidation-reduction in the light of electron
transfer, the activation of the hydrogen consists in the labl-
lization of hydrogen and subsequent liberation of a hydrogsen
ion, the electron belng tranaferred to the oxidizing ugent or
acceptor, To represent the transfornstion of glycercl to

dihyiroxyscatone wccording to this mechanisn we might write

CH,OHOHGHCH,0F $eRYATOBONABY o (noior,oneeit+2e (4)
It is obvious from the above equation thel wn electrode -aay bs
wnde an sccapbor in pluce of oxygen or some cothar gubstance;
likewise, by reversing the prccess the slectrode wuay be ruds
to serve ag & donor of electrons,

If & reverzible potentliul Tor the whove rewciion could be
apossured at o dropoing wereury electrode, cne .ould hove s
mesng of deterainivceg the {ree energy of hydropenation or dee
hnyérogenstion (the free enerpy for the two processes should

be the sene and only the sign should vary depending on whethelr



-0 -

the electrode was the cathode or anode) by use of the rela-~
tionship, AP=-nFE. From these data one could calculate the
over-all energy yield for the conversion of glycerol to
dihydroxyacetone when oxygen acts as & hydrogen acceptor by
the following coupled reactions:

CH5OHCHOHCHOH —— CHgOHCOUHROH + Hp 4 AF = X (5)

H, + 1/2 Oy Hy0 , AF = -56,560 (8)

CH,OHCHOHCHLOH + 1/2 0p ——CH,CHCOCHp0H + HpO,
A¥ = X + {-56,560) (7)

An organic reduction such as that mentioned above may
be & truly reversible system yet, due to its electromotive
sluggishness, no stable and reproducible potential may be
observed for & given ratlo of oxidant to reductant. If &
reversible enzyme system could be isolated and made to func-
tion between the elsctrode and the solution bearing the re-
ducible subgtance, the transfer of electrons between the
oxidized and reduced forme might be catalyzed, allowlng the
rapid establishment of equilibrium and resulting in a stable
and reproducible potential measursment. The enzyme systenm
functioning in such & manner should be only slightly polised,
that is, the oxidation capacity of the enzyme should be of
such & magnitude as to wllow the estsblishment of equilib-
rium without appreclably disturbing the ratio of the oxidized
to the reduced forms of the system being studied,
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The purpose of the present investigation was 0 reduce
at the dropping mercury cathode a series of ketose compounds
produced by the action of Acetobacter suboxydans upon the cor-

responrding polyhydric aleohols. The meries studied included
dihydroxyacetone, l-erythrulose, l-sorbose, d-tagatese, and

& "kEetose" formed from i~-inositol; the compounds were reduced
at various concentrations and pH values. An attempt was made
to determine the effect of reduction in the presence of bace
terial Julees. It was planned to srrange the compounds in
the order of thelr ease of reduction gnd to determine whether

or not thls arrsngement has any thermodynamic significanece,



HIZrosiCAL

The work of Clark and his collsborators (1928) gave impe-~
tug to the determination of oxidation-reduction potentials in
organiec chemienl systems, eepeeclally those systems of blologe
ical interest. These investigators determined thsiﬁg for a
number of reversible dyes by potentiometrically titrating the
leuco forms of the dyes with oxldizing agents and the oxidized
forme with reducing agents. Among the dyee studied were severe
al sulfonates of indlge, methylene blue, and a number of 4if-
ferently substituted indophencls. The dependence or‘ﬁé on pH
for the different ocages of organic reductions was olearly em-
Phaslzed.

Where electromotively asctive systems are involved, the po-
tentiometrie titration method of ﬁet&rmlning‘ﬁé is highly sat-
isfactory. {(An electromotively active system may be described
ag one which, when an indicator electrode is placed in a solu-
tion made up of a given ratio of oxidant to reductant, glves an
instantaneous equilibrium patsntial.} Ths hemes and hemochromo-
geneg, flavine, cortaln snimal and plant plgments, and several
hydroquinones fall within this classification, Hematin, an
iron~containing porphyrin in which the iron undergoes reversible
oxidation-reduction between the ferrous and ferrlc states, has
been studied by Conant et al. (1928). These workers titrated
glectrometrically the oxidized form of hematin using tiﬁanous

tartrate 25 2 reducing sgent and concludsd that the hematin



systen behaved reversibly.

By the zpplication of spectrophotometric methods to the
study of the exidaﬁian.ofhammélehin to methemoglobin, Conant
and Seott {(1928) were sble to show that the systenm hemoglobia/
wethemoglobin was reversible. Although they had difficulty in
getting consistent and reproducible results, the §§>va1ua
found for the system ugreed favorably with the value ovbtained
by the electrometric titration method. Sohmidt {(1938) has dee
ternined the potentiasl of the ebove system using & reversible
dye instesd of the potentiometric technigue. He allowsd sx-
acbly known ratios of the oxidized to the reduced form of the
dyve to come %o equilibrium with the hemoglobin/methemoglobin
system, By having the dye in great excess he was able %o polse
the potentiel at different levels. The hemoglobin was de-
ternined by bhe Van Siyke method and the §§ of the system caol-
ulated from the Tollowing equation:

o %@ = Bgye = 0.06 log %ﬁlﬁg;f% {8)

Cytochrome ¢ is another metalloporphyrin whioch has been
found to be electromotively active. Coolidge (193F) observed
that Lls dreparation guve very unsatifactory potentials at an
inert elsetrode; howevar, he wss able to deteraine an average
value for %& . Staim, Sidwell, and Hagness (1938) desoribed a
spectyophotometric method for messuring the oxidatlon-reduction

potential of pure cytochrome ¢. The B, value obtained was

found to sgree closely with that obtalped by Wurnser sud Wurnsey



{1938) who used the potentiometric method

The organic chemloal systems whoss oxidation~-reduction po-
tentiale may be ucturately detsermined by direot Potemtinmetrie
measurenents arxe limited., Thers sre, however, & reletively
large number of electromotively sluggish but truly reversible
systems whose potentisls may be determined by more indirect
methods. ost of these Indirect methods require the use of dyes.

Oxidatlonereduction indicator dyes huve been used in biologi-
cal oxidatlon studles in a pnumber of interesting ways. Heeldham
and lNeedhanm (1925) attempted to measure the uverage oxidatione
reduction potential within an intact living cell using an indi-
esbor dye. In one experiment these lnvestigators, with the sid
of mlicromanipulators and a micro«injection pipette, were able to
jnject the oxidized form of & buffered indophenol dye into an
amoeba. It had been found by preliminary experiments that this
dye was not corpletely reduced wlithin the ¢ell interior. Vvhen
squilibrium betwsen the dye and the ¢ell interior was established
the color of the amoebs was compsred with aicro test tubes (of
about the same thickness ss the amoeba) containing various ratios
of the ozldized to the reduced fora of the dye. The potentisl
of the dye ratio in the tube most e¢lossly approximatiug in color
that of the cell wus taken as the equilibrium potential within
the osll, There cre & few rathsY serious objections to this
asthod: first, the dye may show & toxie effect, und second, the

amount of dyc necessary t0 cause visibility within the cell might
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be great enough to cause an aypraai&ble shift of the natural
state of squilibrium.

A reversible dys may alzo be used as a "notential medi-
atort. Ho stable electrode potentiasl is observed when an in-
differant elsctrode 1s immeresed in an electromotively slugglsh
system mode up of u glven ratio of oxidant to reductant, If,
however, the electromotively slugglish system 1s sllowed t0 come
to equilibrium with & small amount of an electromotively active
dye, a stable potential will be reglistered. In guch a ocase the
amount of dye used should be too small to affeet to any detects
able degree the ratlo of oxidant to reductsnt in the system unw
der investigation., The potentisl measured at the electrode will
be that of the dye, but since the dve is in squillidrium with the
slugegish system it will slso bs the potentlal of this systen.
dany investigators of bilologlcal systenms huave zirloyed this
technique. ~

Reductone/oxyreductone is an example of the type of systenm
desceribed ubove. The equllibrium between the oxadant and the

reductant may be represented by the following equution:
H (H ¥ 9 9
ﬁag -0 - ? =0 C

9
HeC = & » C = H+ 20" + 2¢  (9)
L
wuraser, Hayer and Crépy (1936) have detorained the Eg of the

the above system employing the potentiometric teshrnlque in cone
junection with an slectromotively sactive dye. The study of the
syvstem involved meny difficultlss u8 the compounds are unstabdle

in certelin ranges of pH. The ..ooorements were curried out
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using Thunberg-Borsook tubes. The dyes found applicable were
alizarin blue and the mono- and disulfonates of indigo. The
above workers have shown that the %& shifte with pH as is pre-
dicted by the equation for the systenm.

Ascorble ucid and its first oxidation product form a system
very c¢losely related to the one Just discussed, The ecuilibrium

is representsd by the following equation:

(10)
o —

0= Cmkl

:«m%—zi

Ball {1937} reported that much of the sarlier work done on the
deternination of the oxidation-reduction potentisl of the above
systen is unrelicble. The values given, in many cases, have
been based upon the concentration of the reductant alone, but
such values are termodynamically meaningless. Some other ine
vogbigators have falled to give consideration to the instability
of dehydroasecorbie wcid within certein ranges of pH. Ball has
shown conclusively, however, that ascorbioc scid is the reductant
of a reversible system which is sluggish in slectromotive ace
tivity. He titrated ascorbic acid with quinone and with po-
tassium Terrioyanide using certaln dyes as “potential medliators”.

?ha1§é values were determined over the pH range 1.0 to 8.6

and the K, value was found to be +0.390 volt as 30°C. The poe

Sont—
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tentlals determined in the alkelline range were unreliable
because of the instability of the initiel oxidant. The
value of n in the eguation below was found to be two over

the pH range studled

L= X, - %ﬁ% 1n ;aea} | (11)

There is still another type of system which normally
appears entirely irreversible, but which is reversible in
the presence of the proper enzyme and an electromotively
active dys. The sucecinste~enzyme~fumarate system has been
reported to be an example of this type by Wishart {1923},
Quastel and Whetham (1924), Thunberg (1925), and Borsook and
Sehott (1931). The enzyme preparation used by the latter
investigaetors was a dehydrogenase sxtracted from beefl heart
and from beef diaphragm. The oxidation-reduction potential
wag determined potentiometricselly using methylene blue in
most cases &s the "mediator dye". The suoccinate/fumarate
ratios used were 9:1, 5:5, and 1:9, and the measurements were
carried out over a pH range of 6.10 to 7.47. Zquilidbriunm

reedings were taken ufter about ome hour. The E. value re-

Io

ported by Borsook and Schoit for the reaction

Suceinate™ T—— Fumarate™ + 2H' + 2e (12)
was -0.437 volt at 25°C., Parks and Huffman (1932) have
shown this wvalue to be in excellent agreement with that cal-
culated from thermal data,.

Barron and Hastings(1934) have determined the oxidation-
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reduction potential of the system lactate-enzyme-pyruvate po-
tentiometrically over the pH range 5.73 to 7.78. This system
was found to be reversible in the presence of the enzyme slphaw
hydroxyoxidase when pyoecyanine and cresyl violst were added as
"mediators”. The normal potential was found to be +0.248 volt
at 38°C,

Since this thesis desls with the reduction of ketone groups
to aloohols, it should be of especial interest to note that
Wurmser and Wurmser (1936) have shown the isopropyl alcohol/
acetone systen te behave reversibly in the presence of the
proper dehydropgenase enzyme. The alceohol dehydrogenase used
wiaS precipitated by ssturated smmonium sulfete from Lebedew's
yeast Jjuice. By the slectrometric measurement of the equilibri-
wm potentials established between isopropyl aleohol snd acetone
at different ratlios in the presence of the enzyme and an slectro~
motively sctive dye, these Ilnvestigators were able to show the
value of ﬁﬁ at 35°C. to be +0.1786 volt. Several hours were ree
quired, however, in order for equilibrium to be established,
Lehmann (1934} has demonstrated the reversibility of the system
“ethyl alcohol-dehydrogenase~-acetaldshyde using a similar alecohol
dehydrogenase prepared from Lebedew's dry yeast,

It would appear from the foregoing discussion thaet many
other blological systems now considered irreversible might prove

to be reversible in the presence cof the proper enzymes acting

as catalysts,.



Although & large number of oxidationereduction reactions
of organic compounds have been shown to be reversible, by far
the greater number fall into the ilrreversible clusslificztion.
iMuch =ffort has been directed toward an electrochemical formula-
tion of these irreversible processes, but the results in some
onses are of doubtful value. Copant (1926) was the first to
make extensive studies in this dirsction. He investlgated the
reduction of & few 1l,4~diketones, certain azo dyes, and several
nitro compounds. It was suggested by Conant that all oxidation-
reduction processes might be reversible under the proper condi-
tions and thet in the final snalysis the distinction bot.ven
reversible and irreversible reactions is probably only one of
rates.

In order to study the relation bvetween the speed of an 1lr-
reversible roduction and the potemtial of the reducing agent
smployed, Conant used a very interesting technique. 4in equi-
moleculay mizture of thereducing agent and its oxidized form
wasg placed In an electrolytic cell and the potential of the
system was measured at an inert slectrode in the usual way. The
compound under examination was then introduced, and the shift
with time of the potential of the reversible system was observed.
The rate of change of the potentlal was then a function of the
apeed of the irreversible resduction. If no chenge cvecurred, it
wag concluded that there had been no reaction. By definition,

then, the "apparent reduction potential™ (A.R.P.) of a compound



was considered to be the potential of a Yeritical resgent®
which would cause & twenty to thirty per cent reduction in
thirty minutes.

It should be pointed out that the above reductious take
place in two steps one of which is reversidble, the other ire
reversible; therefore the over-sll reaction must, of necessle-
ty, be irreversidle. Ls emphusized by Conant, it is ounly
when some irreversible procese econtrols the amount of materlal
undergoing a subsequent irreversible transformationm that the
speed of ths resction will be governsd by the free energy or
potential of the resgent.

HMehaelis (1938) and luter ifichaelis and Schuboeinl {1938)
have investlgsted the reversibvle two-step oxldetion-~reduction
of orgenlce compoundz. The internedlates formed during reduce
tion when only one electron has been added are called seni-
guinonsg. 7Thesge semlquinocnes are free radlcals end us a re~
sult of thelr instabllity they readily undergo dimerization
or disnmutetion. When dismutation cceurs, one oxidized and
one reduced molecule are formed from two moleocules of the
semiguinone. MMichaelis (1935) has postulated that most ore
ganic reductions might coneeivably proceed according to this
two~step mechaniem., He has summsrized this conception of
oxidution-reduction in the following statement:

Were 1t not for the existence of intermediate radlcals,
we might say that oxidations in organic chemistry are
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of necessity always blvslent. Whenever this bi-
valent oxidation can be brought about by two sue-
cessive univalent oxidations, then the kinetics of
such & reactlon will be greatly enhanced. The
thermodynamic possibility of the univalent oxida-
tion, and the existence of the radical as an ln-
termediste step of the complete bivalent oxidation,
willl depend on the dismutation constant. If this
sonstant is very luarge, it is equivalent to saying:
The formation of the radlieal involves a very high
step in energy. Only if, due to resonance, the
formation of the radical reguires relatively little
energy, will the bivalent oxidation run smoothly.
The reason why the oxidation of organic compounds
is frequently very sluggish, even when an oxidant
of thermodynamically sufficlent oxidative power is
applied, is that the oxidation has probably, as a
rule, to go through two univalent steps; and to go
through the intermediate step means, in general,
¢limbling over a large energy hill, except in thosge
cages described above in which the semiquinone
formation constant is relatively lurge. It is the
task of all catalysts and encymes concerned with
oxidetion-reduction processes t1o ease the c¢limb
over this energy hill, or to convert the substance
to be oxidized into some form, or into some compound,
in whieh the intermediate radical will have a
stronger resonance and so a greater stability than
it has in its original form. (page 104).

The foregoing presentation is only intended to be a brief re-~
view of the principles and methods which have been used in
oxidation~reduction studies in orgsnic and biologicel chemis-~
tries., For s more coumplete disocussion refsrence is given to
the monographs by Michaells (lgﬁﬂ) and Wurmser (1930). This
work is more concerned with the relatively newer polarographic
method developed by Heyrovsky {(192%) for studying oxidation-
reduction processes,

Although the discovery and earlier development of the

polarographie method was dus lurgely to the work of Heyrovsky
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{1936) and his school at the Charles University in Prague,
Czechoslovekia, much credit is zlso due Hohn (1937) in
Germany, Semerano in Italy and Shikata in Japan. The faot that
more than five hundred publicetions have appeared in the lit-
erature during the short period since its discovery is indica~
tive of the importance of the method. 4 detalled discussion
of the fundamental principles involved in the polarographiec
method has been given in a review by Kolthoff and Lingane
{1939). The application of the procedure in organic chemistry
hes been reviewed by Miller (1939%).

The method 1s based upon the interpretation of current-
voltage curves obtained by electrolyzing dilute solutions of
electroreducible or electrooxidizable substances between two
electrodes, one of whieh is a 1arga,qu;et,non~polarizaé pool of
mercury, the other & small capillary tube from which merecury
drops sicwly‘fall. Kaoh sepafata mercury drop is then an eleo~
trode which is exactly reproduced by its sueccessor. From these
current-voltage curves the substance under investigation may be
determined both gqualitatively and quantlitatively at the same
time il the proper experimental conditions exist. With the orige
inal apparatus Heyrovsky was sble to vary the electromotive force
aprlied to the ecell from zero to the full voltage of the battery
by varying the resistance of & rheostat connected in parsllel
with the battery. Using such equipnent, current-voltage

curves were obtained by gradually applying an electromotive
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force and noﬁiﬂg¥ by means of o galvanometer connected in
series with the cell, the amount of current passlng through
the cell at each setting of the resistance. The applied
volbuge wus messured with & potentiometer.

The faet that the above method of obﬁaining current-
voltage ourveg with the dropping merocury slectrode is rather
laboricus und time consuming, led Heyroveky and Shikata (1925)
to degign an automatic recording device whiech egasve continucus
curves. Light reflected from s moving-coil galvanometer mirror
was made to fall through a slit onto photosensitive paper
wound on ¢ revolving drum protected by means of & light~tight
housing. The revolution of the drum was synchronized with the
changes in applied voltage. As the galvanometer was defleocted
by current Tlowing through the esll a curve was automotically
traced on the photosensitive paper. The instrument was called
a "polarogruph® and the curves 80 obtulned, “polarocgrams®,
Many improvements in the design of the original apparatus have
been made. FPolarographs of later design may now be obtained
from most of the American seientific instrument companies, but
they are not essential for much of the researeh in this fleld,

Thé analysis of & typical current-voltage curve will make
clearer the prineiples invelved in the polarographic method.
The lowsy curve in Flgure4 weas obtalned by reducing 5 x 10~%u
esdmium chloride in C.1 M potassium chloride at the dropping

mereury @léatxaﬁa. If the dropping electrode 1s the cathode,
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reduction occurs and the "wave" obtained 1s a "cathodle
wave"; on the other hand, if the droppring electrode is
the anode, oxidation tekes place and an “anodic wave" is
observed, In the reduction mentioned sbove, it can be
seen that only & very small current, the resldual current,
flowed through the cell until a voltage of shout 0.575 was
reached. The neture of thils residual current has been
thoroughly investigated by Ilkovié and Semerano {1932),
Tlkovid (19362, 1936°) Maes (1938) sand others. The resid-
ual current has been found to be due to & Ycondenser cur-
rent” and also to a very small "faradayic current”.

Heferring sgain to Pilgure 4, 1t is obgerved that at a
voltuge of 0.575 continuous electrolysis began. This in-
volved the dischuarge of cadmium ions at the dropping mer-
cury cathode to form &« very dilute amalgam snd the dissolu-
tion of mercury at the large quiet amode resulting in the
formation of calomel. The current dld not increase indefi-
nitely but reached a limiting valus of four microamperes at
a voltage of sbhout 0,625,

This linmiting current is caused by an almost complete
state of concentration pclarizetion. Yhen the dlschaurge of re-
ducible materisl begins, the concentration in the lmmediate
vicinity of the electirode is dimlnished. This establishes a
concentration gradient between the body of the solution and
the depleted ursa around the selectrode giving rise to diffu-

sion into the depleted area. As the applied voltage is increased
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more maberial is reduced in a2 gliven instant and the concentrae.
tion gradient is nmude steeper csusing a more repld diffusion.
Finally, &t the limiting current, sll the material reaching the
electrode in a given instant is belng reduced., In other words,
at this point the concentration in the depleted sreas beoomes s0
small that the difference in concentration between this area and
the body of the solution approaches o constant average value equal
siaply to the concentration in the body of the solution. Since
the aoﬂéeﬂtraticn aredient becomes constant at this polnt, the
rate of diffusion also beconmes g constant. The aaount of
electroreducible material reaching the electrode in = given
instant will determins the amcunt of eurrent that will flow
through the c¢ell. In the case of an electrlially-charged redugw
ibla substance, it must be remembered that there are two forces
‘acting to bring the subgtance to the el¢itrode surface, & dif-
fusion force and an slectrical migration foree. NHormally then,
the limiting current ls the sum of a diffusion current and a mi-
gration current. If an "ipdifferent elsctrolyte™ is added in
large excess, the currsnt will be currisd slmost entirely by the
afded elsctrolyte snd the limiting current then becomes strictily
& diffusion current. An "indifferent electrolyte"™ is one which
reduces at a more hegﬁtive potential than the substaence being
isvestigated, In the presence of a relatively large amount of
indifferent electrelyte, all other factors belng eonatent, the

diffusion ocurrent is dirsectly proportional to the concentration
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of reducible substance in the body of the solution. This is
the prineiple upon which quantitetive polarography is based,

Ilkovié (1934) haz derived an squation for the diffusion
aurrent,

/2 3/3*1/6

I = 0,627 n¥D Cm

a (13)

In this equation, EQ represents thediffusion current in amperes,

n is the number of fauradays of slectricity required for the re-
duction of one mole of the substance in question, F ls Farasday's
constant, D 4s the diffusion coefficlent of the reducible sub=-
steance in centimeters squared per second, C is its concentration
in moles per ml., m is the weight of mercury in grams flowing
from the capillary per second, and t is the time in secondS Ie-
gquired for the formation of esch drop.

Lingane and Kolthoft (1939) have shown conclusively that
the above equation holds in the case of igorgenic reduction.
Maas (1938} found that the diffusion current was not directly
proportional to the concentration of reducihle moterial if the
drop-time wuas shorter than four second. Lingane and Kolthoff
(1939) reported the optimum drop-time for guentitutive polar-
ography as being between three and six seconds. The latter

authors have shown the product m3/3%1/5 of equation 13 to be al=~

most & constant over the potential range from zerc to «1.0 volts
when the drops were formed in O,1H potussium chloride, provided

the pressure on the dropping mercury was maintained constant;

&t higher potentiuls it decreused slightly.



The phenomenon of concentration .. larization is not charac-
teristic of the dropping mereury slectirode alone; however, this
electrode does offer s number of unique advantages. The average
current becomes pteady immedlately &t each new setting of ap-
plied voltage, snd is independent of the time of electrolysis.
The high hydrogen overvoltage on meroury makes possible the re-
duction of substunces up to & potentlial differsnce of «2.0 volts
against the stendard hydrogen half-cell provided the proper ine
different elesctrolyte 1s chosen. Unlike any other slectrode,
the dropping mercury electrode hes a continuelly exposed fresh
surface of merecury during the life period of sach drop. In
addition, the life period of an electrode is very short thus
eliminating troublesome sglng effects so that the results obe-
tained ere perfectly reproducible. Kolthoff and Lingage {1939)
reduced several inorganic ilons using a platinum micro electrode
in plaee of the dropping mercury electrode,

In the case of many current-voltage curves, the current
passses through & very distinct maximum ofter which it falls to
the "limiting current velue¥., The cause of these muxima is
still one of the unsolved problems of polarography. Heyrovsky
{1934) attributed ths naxims to an adsorption of the electro-
reducible subgtance on the growing mercury drop. Other authors
have .itributed them fo an electrostetic stirring effect at the
surfuce of the mercury drops. HNHotwlithstanding the fact that the

exact cause of maxima is unknown, they may be suppressed or
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elininated by adding certain substances more highly sdsorbed
than the electrorsducible substance 1n guestion.

The polarographic potential which characterizes an electro-
reducibls or electrobxidizable substance has, in the past, been
dofined in a number of ways. Muller (1939%) lists these differ-
ent methods, the most important being the potential at a 45°
tangent to the curve, &ll of these older methods were found
unasatisfactory, however, since the potential was found to vary
with the conecentratlion of the substance under investigation and
with the drop-time. Later Heyrovsky and Ilkovié (1935) intro-
duced the "half-wave potential™ which was found to be inde-~
pendent of such factors as drop-time and concepntration, The
half~wave potentlal is the point of inflection on the current-
voltuge curve hall way between bhe rcesidual end the limiting
ocurrent. These authors showed that the polarographic half-
wave potential bore a direct relationship to the potentio-

metrically established §Q in inorganic reductions.

In order to meke clear the sbove relationship Muller's
(l@S?b) presentation of the origlnal derivation of Heyrovsky
and Ilkovid is followed in the discussion given below,

The current at any poiant on the current-voltage curve may
be given by equation 14 when the ourrent is governsd only by
the rate of diffusion.

I =K(C~C,) (14)
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In the above equation, I is the current, T ies the concentratlion
in the body of the solution, Cy is the concentretion at the
interfece, and K is the diffusion ourrent constant. 'hen the
limiting ourrent {(the meximal diffusion current) is rcached,
Cys the concentration at the electrode/sclution interface, be-

comes negliglbly small compared to § and,

I, = KC {15)
The concentration of the reaction product, C,, at the interfuce

is also proportional to the current I, and Heyrovsky and Ilkovié
give the relation,
Cy = kI - (18)

where k 1s again « diffusion constant,

If the same laws whlch govern reversible reaections at other
elsctrodes are in operation at the dropping merecury electrode,
the potential nt any point on the curve should be given by the
aquation

Emﬁg-ﬁ%lng% (17)

Concentrations ure used in eguation 17 for simplicity.
Substituting the values of C, and Cg found from equations
14 and 16 respectively inte squation L7

B om - RT
R L (1)

or



E = By - BL I + K
o = == 1n I3 X {19)

At the half-wave potentiel, I = I; - I 8o the logarithalc

term drops out.

Byjp = By + K (20)

It may be seen from squation 19 that the polarographic
half-wave potential is equal to the normal electrode poten-
tial plus a constant. ulller (1939P) stated that this con-
stant may be positive, negative or zero in metal ion reduc-
tions depending, probably, upon the nature 6f the amalgam.
The validity of equation 19 was first verified experiment.l-
ly by Tomes (1937) who showed that a graph of E against ln
I/Idw I pgave a stralght line the slope of which was equal

to RT/nF for the reduction of various metel lonms.

Muller and Baumberger (19372, 1937°) have demonstrated
that in well-buffered solutions the polarographic half-wave
potential is enual t0 the potentiometrically established Eé
of simple reversible orgsnic oxidatione-reduction systems.These
authors examined quinhydrone polarographically. One-half of
the quinhydrone curve was observed to be "cathodic" and one-
half "anodic¢™. This was to be expected since quinhydrone dis-
soclates in solution into equlvalent amounts of quinone and

hydroguinone., At the midpoint in the curve where the curve
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changes from *anodic" to “cathodle" no current flows; this is

the half-weve potential und corresponds to the E} for quin-

hydrone as deternined by the ususl potentiometric methods,

#iller and Baumberger further showed that the "anodic
curve" obtaeined when hydroquinone alone was present in solution
was identical in appesrance with the "cathodic curve' obtained
when only quinone was present., The half-wave potentials in
both cases were the same and also the same as that obtalned with
quinhyérone. These muthors state that, "Whenever the half-
wave potentisl is &« constant, whether the curve ls anodic or
cathodic, the system is perfectly reversible in ¢ thermody-
namic seuse®.

It should be pointed out here that the midpoint on a
surrent-voltage curve is not the true hali-wave potentizl. In
order to obtain the latter value, the small IR drop in the so-
Jution must be subtracted from the applled voltage. This is
shown in the following equation:

L=V« IR (21)
where I is the true potential at the electrode surface, V the
applied voltage, I the current, and R the resistance of the so-
Iution between the electrodes., This correction is usually
very small., &8 most organie molecules are not charged, the
indirferent electrolyts is not sdded to eliminate the migra-
tion currsnt but to lower the rasistance in the cell.

Miiller (1940%) has investigated the polarographic oxidetion
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and reduction of quinhydrone in bhuffered and unbuffered so0w
lutions. The importance of buffering with primary acid
buffers in orgenlc oxidations and reductions at the dropping
mercury electrode was clearly exhibited. Lewis (1938) de-
fines & primary scid as one which dissoeclutes without reguire
ing activation energles; in other words, the lonlzetion pro-
casg is rapild, z property which is essential for buffering
action &t a dropping mercury electrode., Miller (1940%) has
alsc made clear the fact that the pH varue ip the imaediate
vieinity of the slectrode may be widely different from that
in the body of the solution in the csse of unbuffered or im-
properly buffered solutions.

Most organic reductions whieh have been studied polaro
graphleally fall into thedlass deslignated as irreversible;
however, smooth S~shaped curves are often obtained us well as
regular shifts in half-wave potentials with pH. As pointed
out by Miller and Bausberger (1939), this suggests the se=
lection of & reversible process from a resduction whieh, on
the whole, is irreversible., These authors speculated that
the reversible step reprssented at the elsctrode might involve
the direct addition of an sleectron to form & free radical
which undergoes subsegquent dimerization or dismutstion,
#ichaelis® (1933) investigation of this type of reduction has
slraady been presented. ﬁgixar (lgéﬁtﬁ has shown the dropping

meroury electrode to be applicable to the detection of inter-
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mediate radicels in the cass of reversible reductions. On
the other hand, the reversible step mentloned sbove might lne
volve the reduction of hydrogen ions to hydrogen atoms
followed by addition of the hydrogen to the orgenic compound.

The final criterion of reversibility is that the re-
duced form of the compound be oxidized at the same potential
a8 that at which the oxidized form is reduced, The slugglishly
reversible systems mentioned sarlier which hove been studied
polarographleally do not fulfill this requirement, Xodidek
and wenlg {1938) have shown that ascorbie secld can be oxidized
polarographically but not reduced.

#Miller (1939%) hes found that Conant's A.H.P, corresponds
nore closely to the depogition potential on w polarographic
curve than to the helf-wave potential in the cases which have
been studied, He sugpestaed c¢alling the halfe~wave potentlials
in cases where one reversible step is evlident "polarographic
apperent reduction potentislas™, P.A.H.P. Miller and
Baunberger {1939) have demonstrated the P.i.R.P. of the py-
ruvate ion to be «1.0 volt at pH 7. The "apparent oxidation
potential” of the lactate ifon is +1.0 volt according to
Barmore (1929} who used Conant's method to determine the value
i#iven. These two potentisals may be brought together to form
& reversible gyeten by means of enzymes., This fact huad been
previously denonstrated using a vlatinum indicator electrode.
Maller suggested that the dropning mercury electrode might

algo be used sg an indicator electrode in these enzyme equi-



libvrated systems. The polarographic method of studying bioe
logical oxidation would sllow investigations of systems with
potentials in the renge of hydrogen overvoltage on meroury,
that is, potentiels as negative as -2,0 volts referred to
the standard hydrogen half-cell.

Heyroveky and Smole¥ {1932) were the first to attempt the
reduction of sugars at the dropping mercury electrode. These
investigators reported that aldoses were not reducible but
that the ketose sugars, fructose and sorbose, were both re~
ducible st ~1.80 volts in neutral or slightly alkaline solu-
tione, The reduction potential given by the above authors
is referred to the normal calomel half-cell as a reference
electrode, but they 4o not state whether the value 1s a halfe
wave potentisl or the potsential at a2 45° tengent to the
curve. The aldoses studied were glucoss, galactose, mannose,
rhamnose, l-arbinose, and lyxose. The dissccharides sucrose,
maltose, and luctose were also found not to reduce. The rate
of inversion of sucrose in aocld was followed polarogrephice
ally by analysis of the invert sugar from time to time. The
height of the polarographic curve in the analysis of a honey
viag found 10 be pronortional to the amount of fructose present.

Heyrovsky and Smoler (1932) attempted to determine the
number of electrons involved in the reduction of lewvulose by

comparing the height of the curve obtained with that cbtalned
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for the reduction of & solution of barium chloride of equal
molurity. The wvalues were determined at vsrious temperatures
but are of doubtful value as the differences in diffusion
coefficients were not taken into consideration.

Cantoy and Psniston (1940) found that, contrary to earller
reports, sldoses vere reducibls st the dropping mercury cathode.
Trese authors used lerger concentrations of sugaers than had
fTormerly been employed and the reduction observed wuas attri-
buted to the presence of an "aldshydo" form in the equili-
brated solutiona, The sugurs studied were d-plucose, d-
mannose, d-galactosse, l-sllose, d-xylose, learabinoss, de
lyxose and 4-ribose. The amount of “aldehydo" form was esti-
mated under variouz cohéitions of pH and concentration.

Winkel and Proske (1936) have determined the sffect on
the P.a.R.P. of substituting hydroxyl groups in ths alpha and
beta positions to a ketonic carbonyl group.

sdkins and Cox (1938), Cox and Adkins (1939) and later
Bekeyr and adkins {(1940) have investigated the relative oxidaw-
tion~reduction resctivities of & series of ketones using the
polarograph a8 an analytical tool to determine the compesition
of the oquilibrium mixtures in systeams of the type,

R,C0 + RICHOH === R,CHOH + R,G0 (25)
Thase investligators discovered thet systems of the above type

reached equilibrium in the presence of aluminum t-butoxide

a8 a catalyst. By equilidbrating each of the several ketones



with an aleohol chosen as a standard, an order showing the
relative oxidizing strength of each of the ketones was ar-
ranged. Adkins and Baker (1940) have determined the oxidaw
tion potentiuls in velts of several ketones by comparing the
oxidizing power of these carbonyl compounds with quinones in
a strictly reversible process,

The polarographic method has been used by Kerr (1940)

- to gtudy dextross, maltose, beta-amylose and cormnstarch. Ivie
dence is submitted that the carbohydrates may possibly exlist
in the free "aldehydo" form and the theory is proposed that
they may in turn lonize as acids,

Shikata and Shoji {(1927) reported that reducing sub-
stances in commerecial fermentation products, such as "gsske",
"shoyu", wine and beer could be detected by means of the
polarograph. Some of the reducing substances found were

cinnanmaldehyde, furfuraldehyde, and acetaldehyde.
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EXPERIMBNTAL

Materials

Dihydroxyacetone

The dihydroxyscetone used in the investigation was pre-

pared by the action of icetobscter suboxydans on glycerol.

The method of ecarrying out the fermentation and recovering
the product, dihydroxyacetone, was based on that given by
Underkofler and Fulmer (1937). The medium contained per
100 ml.: 6.0 grams glycerol, 0.50 grams ysast extract, and
0.30 grams primary potassium phosphate. After a seven-day
period of incubstion at 28°C., the product was recovered.

The crude dihydroxyucetone wasg dlssolved in boiling
absolute alcohol., A little Norite was added to remove the
traces of color and the solution was filtered with suctien.
Host of the alcohol was distilled off and the residual small
volume of solution was cooled in a well stoppered flask to
prevent the access of nmolsture as traces of water prevent
crystallizetion. The cold soclution was shaken and when orys-
tallization was complete (seeding is often necessary) the di-
hydroxyacetone was filtered off rapidly, using suction. The
erystals were washed with cold absolute aloohol. The re-
crystallization wes repestsd several times; the final prod-

. uet was dried in s vacuum desiccator over caleium chloride,
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l-Erythrulese

The l-srythrulose used was formed by the action of

Acetobacter suboxydans upon meso-erythritol according to the

procedure describeé by “histler and Underkofler (1938). The
medium contained 3.0 grams of meso-erythritol and 0.5 grams
of yeast extract per 100 ml., of solution. 4s erythrulose

is & sirup and difficult to recover in pure form, the experi-
ments with this compound were carried out using the diluted

fermentation liquor,

d-Tagatose

- The d~-tagatose was furnished by Dr. L. A. Underkofler
of the Chemistry Department of thls collsge, It was pre-
pared by & method described by Rsichatein and Bosshard (1934)
involving epimerization of d-galactose with anhydrous pyri-
dine.

l-Eorbose

The l-sorbose was produced by the action of jcetobacter

suboxydans upon sorbitol., The fermentation procedure was
éaaarﬂing to that described by Fulmer, Dunning, Guymon and
Underkofler (1936). The crude product obtained was reorys-
tallized a number of times from alcohol-water solutions and
finally the pure sorbose was dried in a vacuum desiceator

over calcium chloride for several days.



"Ketoge" from i-inositol

The "ketose" compound was furnished by Dr. W. H.
Pitcher of this leboratory and was formed by the action

of iscgetcbacter suboxy

iang on i-inositol. The compound was
a pure product recovered from its phenylhydrezone deriva-

tive.

Indifferent electrolytes

All of the materials used as indifferent electroylies
or in the preparation of the buffers were €, P. Reagent

Grade chemicals.

Mercury

The mercury was Tirst shaken with 10 per cent sodiun
hydroxide after which it was washed several times with dis-
tilled water. It was then shaken with 10 per cent nitric
#acid and ogein washed with distilled water followed by con-
ductivity water, After drying, the mercury was distilled
in vacuo and the dlstilluate was stored in a clean glass

hottle.
ADperyatus

The electriesl circult

The electrical circuit used in this investigation for

manually obteining current-voltage curves is diagramed in
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Figure 1. The circult is similar to one described by
Lingane and Kolthoff (1939). The parts labeled in Figure
1l are listed below.
?.3; , a redio rheostat of the "potentiometer® type
having & resistance of 10 ohms
R, and Eﬁ , Tour-dial precision resistance dboxes

each of 9,999 ohms resistance

s & radio rheostat of the "potentiometer™ type

|

having & resistance of 1,000 ohus

.L.E., a saturated calomel half-cell

1 o0

, the potentioneter plug-in connection for mesasur-
ing the current flowing through the cell

Egs ‘the potentiometer plug~in connection for measur-
ing the voltage applied to the electrolysis cell

Eﬁ, the potentiometer plug-in connection for measur-
ing the potentisal of the dropping mercury cathode
againgt the saturated calomel half-cell

Egps ‘the potentiometer plug~in connection for meesur-

ing the potential of the anode {(the quiet pool of

mercury) sgainst the saturated calomel electrods.
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The dropping mercury slectrode

The febrication of a capillary suitable for use as a
dropping mercury electrode is rather difficult because of
the unusually small bors necesgary to insure a slow enough
drop-time, Kolthoff and Lingane (193¢) prepered a capillary
by drawing ocut the end of a 20 cm. length of Pyrex capillary
tubing, of about 0.5 mm. internal dismetsr, until the in-
ternal diameter of the tip was sbout 0.03 to 0.04 mm. The
constricted end was cut off at such a length that the drop-
time in 0.1 ¥ potassiws chloride could easily be adjusted
to 3 or 4 seconds by adjusting the pressure on the dropping
mercury. Mass {(1938) prepared an electrode by cementing «

2 to 3 em, length of commercial thermometer tubing (internal
diameter 0,03 mm.} into a wider gluss tube which was con-
nected to the mercury reservolr.

Preliminary measurements in this investigation were
made employing a eapillary whieh was prepared by drawing
out a short length of Pyrex capillary tubing having an in-
ternal diamster of about 0.5 mm. Difficulty was experienced,
however, 1o cobtaining a cepillary of uniform internal éi-
aneter whiech would give a drop-time that wag sufficiently
slow for quantitative polarography. The greater portion of
the investigation was carried out using capillary tubing
obtained from E.H., Sargent and Company, Chicago. The capil-

lary tubing was made of lead-fTee Jena or Pyrex glass, or
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the equivalent, having & bore diameter in the vicinity of
C.05 %o 0.06 mm. The electrode was made from a 10 cnm.
geoction of this tubing, a single section being used for
most of the work. Vhen the capillary became dirty the
dropping became erratiec., It was possible to clean the

dirty capillary with asqua regla.

The dropping slectrode was attached to & mercury reser=-
volr by means of a section of rubber tubing. This rubber
tubing had been previously boiled in dilute alkali to re-
move soms of the sulfur. The mercury reservoir was secured
to & ring stand by means of a clamp and the pressure on
the dropping merecury electrode could be adjusted by ralsing

or lowering this clamp.

The cell aspembly

The arrangsment of the electrolysis cell is illustrated
in Flgure 2. The parts labeled in the dilagram are listed
below:

&

pi-4 §

mereury reservoir, a mercury levellng bulbdb

B, the dropping mercury electrode

Te

,» largs non-polarizeble mercury electrode

o

» 2alt bridge, saturated potassium ohloride solution

fes

» Saturated calomel reference electrode
The electrolysis c¢ell was made by seallng an electrode con-

nection onto the bottom of an ordinary calomsl electrode

vessel as shown 1n Figure 2. The top of the cell was closed
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by means of a two-hole rubber stopper through which were
inserted the dropplng mercury electrode and a nitrogen

inlet tube.

The potentiometer

The potentiometer used vwas a Leeds and Northrup Stu-

dent's Potentiometer hauving & voltage range from ¢ to 2.3.

The galvanometer

The galvanometer employed in the potenticmeter clrcult
as a null-point instrument was & Leeds and Northrup Pointer
Type CGelvanom ter having a ocurrent sensitivity of 0.11
microamperes per mm. and & period of 3.5 ssconds. A Pro-
tective resistance of 40,000 ohms was connected in series

with the galvanomester.
The thermostat

The cell zssembly shown in Figure 2 was placed in a cone-
stant temperature water bath maintuined at 25°C. = 0.1°, In
order to eliminute temperature gradients in the bath, it

was stirred continuously by means of an electrical stirrer.
Methods

Frocedure for obtaining current-voltage curves

The electrolysis cell was filled to a depth of =bout



3 om. with clean mercury and a little calomel was placed

onn top of the mercury. It was found necessary to add the
gmall amount of calomel in order to obtaln stable readings
during the first run after changing the quiet pool of mer-
cury. The solution bearing the substance to be reduced ar
an indifferent electrolyte was then added to the cell. The
solution was siphoned over into the arm which connected the
¢ell to the salt bridge, and the ungreased stopcock on the
arm was oclosed, This stopcock was kept closed during a run
in order to retard diffusion across the salt bridge Jjunc-
tion; however, a good connecting film of solution always
existed around the stopcock.

After filling, the cell was placed in the watsr bath
and allowed 15 or 20 minutes to attain the tempersiure of
the bath. During this periocd, the dropping mercury elec-
trode was ingerted, and oxygen-free nitrogen was passed
through the cell in ordsr %o remove the dissolved oxygen.
Oxygen is reducible at.the dropuing merecury cathode; there-
fore, when the substance héing investigated reduces at &
potential more negative than oxygen, it is essential that
the lutter be removed bafore starting the analysis. The
drop-time was maintained at four seconds throughout the
course of the analysis by raising or lowering the merocury
reservolr shown in Flgure 2.

The source of the polarizing electromotive force was
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a six-volt storage battery. The voltuge applied to the
electrolysie cell at the beginning of an experiment was
approximsately zero and was gradually increased by varying
the resistance connected in series with the cell {see Fig-
ure 1), TFor this wn#k it was desired to have the voltage
increased in very small and uniform increnents in order that
the curve might more closely simulate a continuous curve.
This uniform variation could not be produced easily by means
of the "potentiometer™ type rheostats, §£ and Eé of Figure
1, 8o & four-dlal resistance box, §§, was connected in
serise with §$‘&nd ﬁ&‘ By means of this resistance box the
applied voltage could be regulasted as desired. During the
firast experiment on an electroreducible compound which had
not been previously investigated, the spplled voltage was
ineresased very rapidly in order to determine spproximately
the reduction potentisl of the substance. Subsequent reduc-
tions were carried out by increasing the applisd voltage in
smaller more uniform increments over the "reduetion range".
In most polarographic work in which the current-voltage
curves sre obtained meanually, the current passing through
the cell at any glven applied voltege 1s determined by noting
the amount of deflection of & sensitive galvanometer, usually
a moving-coil mirror and scale instrument. 4 shunt is ordin-
arily employsd to increase the ocurrent-measuring range of

the sensitive galvanometer. The current through the cell
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seldom exceeds 50 microamperes in ordinary polarographic
analysis because the electroreducible or electrodxidizable
subgtance must be present in extremely small quantities,
10"%40 1077 ¥4, in order to produce an extreme state of cone
centretion polarization.

The current values in this investigatlion were not ob-
talned aceording to the method desoribed above, but were ob-
tained by measuring with a potentiometer the potential drop
acyoes a standard resistance placed in series with the cell.
This method was chosen for two reasona: first, it is very
precise and zcourate, and second, a suitable galvanometer was
not &t hend. The method has the disadvantags of belng time
consuming., A

At emch successive setting of the resistance, §§‘in
Figure 1, two measurenents were made with the potentiometer,
Pirst, the potentisl drop ucross the standard resistance, Eﬁ
in Pigure 1, wss determlinsd with the potentiometer connected
at 1 in Figure 1. The resistance, ‘R4, was set permanently
at 7,000 ohma. Knowing the potential drop aoross the stand-
ard resistance, the current was determined by applying Ohm's
law. HNext, the potential of the dropping mercury electrode
was neasured against the ssturated calomel half-cell by con-

necting the potentiometer at E, , Flgure 1.
The current increases as s meroury drop grows in size
causing an oscillation of the galvanometer. If the period of

the galvanometer 1s long in comparison with the time of forma-



tion for each drop, these oseillations are relatively smallj
on the other hand, if the peried is equal to or faster than
the drop-time, large current varistions will be noted., Be-
cause of these oselllations the potentiometer was never perw
fectly balanced, but the balance point was taken to be the
potential at which the galvanometer swung an equal number of
divisions to the right and to the left of the galvanometer
zero, The current messured at sach setting of applied volt=-
age was then an uverage current and not the currsent at any
given instant during the life of & drop., This imperfect
balancing made necessary the frequent checking of the work-
ing cell ngainst the standard cell in the potentiomseter cir-
cuit.

When & polarograph is used for obtaining current-voltage
curves, 1t is common practice to use the guiet pool of mer-
cury as the reference elscitrode. The potential of this qulet
elesctrode, usually the anode, is measured against a standard
slactrode either before or after an analysis. During the
course of the analysis only the voltage applied across the
cell is maaaarad.‘ The potentlal of the dropping electrode in
the above case ls obtalned by subtracting algebralcally the
potential of the quiet pool of mercury from the applied poten-
tial.

Some cuthors repari halfawaya potentisls by merely giving

the potential sppllied weross the esll at the half-wave point,



- 49 -

Such values cannot be correlabtsd with those obtained by
direct reference to a standard electrode, since the poten-
tial of the ancde is not a constant but varies considerably
with the nature of the indifferent electrolyte used, the pH
of the solution, and other fsctors. If the quist pool of
marcury is to be used zs a refsrence slectrode, its poten-
tial should be checked ageinst some standard reference eslec-
trode &t least before and ofter an analysis and preferably
saveral times during the anslysis.

By means of the cireult shown in Figure 1, it was pos-
sible to measure §§&, the potential of the quiset pool of
meroury rsferred to the saturated calomel half-cell, at each
setting of applied voltuge. The algebraic subtraction of
the potential of the qulet pool of mercury from the potentlal
applied scross the cell gave & value for the potentlal of the
dropping electrode in close augreement with that obtained by
measuring the potentisl of the dropning electrode directly
ageinst the saturated calomel half-cell, The dropping ner-
eury elaeﬁroﬁa was the cathode throughout this investigation
and 1tes potentisal, hereinafter designated by Eg , was meas-

ured directly agalnst 2 saturated calomel half-cell.

Procedure for obtaining half-wave potentlals

To obtain the value ¢f the half-wave potentiasl from a

eurrent-voltuge curve, a line wus first drawn through the
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residual current parallel to ths ordinate. A second line
then wus drawn through the limiting current parallel to the
first. HNext g line was drawn parallel to and equidistant
from the first two. The woltuge at whieh this third line
intersected the current-voltage curve was taken to be the
half-wave potential. When a well defined limiting current
was not obtalned (see Figure 10), the half-wave potential
was considered to be the inflection point on the curve., The

inflection point was dsterained by plotting AI/ AE; against

Eg »

Determinstion of "t" and "m" ir the Ilkovié equation

In order to use the Ilkovié equation {(see equation 13)
for calculating the diffusion current, the values of the
different veriables in the equation had to be known.

Ilkovié (1934), Kilthoff and Lingane (1939), and later
#uller (1941) have damonstrateﬁ that the grams of meroury
flowing from the capillary per second, m, is a constant at
constant pressure and is almost independent of the applied
potential. On the other hand, the drop-time, t, first ine
creases, passes through a maximum at about «0.6 volt, and
then decresses rapidly with increasing negative potential in
acgcordance with the well~known electroecaplllary curve for
mereury. The product m?/stl/a was shown to be practically in-

dependent of the applied voltage provided the pressure on the
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dropping mercury is maintained constant.

All of the liniting currents in this investigation whiech
were treated quantitatively were detsrmined at a constant
drop~time of féur saconds. This required that the weight of
meroury flowing from the capillary per second be determined
at the voltage =t which the limiting current for sach cone
pound cocourred, The purpose of the sbove procedure was to
insure & drop-time at the limiting current which was within
the range of quantitative polarography. The changes in m
with applied voltage when the drop-time was held constant at
four seeonds are graphed on curve 2, Flgure 3. Since the
drop~-time was constant, the pressure on the dropping mercury
wag different at esach value sf\&ppliad voltage for which a
valus of nm was determined., The values in Plgure 3 are applic-
eble only to the capillary used for their determination.

Ip determining the valuss of m shown on curve 2, Figure
3, two small electrolysis cells were used., Both sells con-
tained soclutions of the same composition. The anode for
both cells was a quiet pool of mercury. The dropping mer-
cury cathode was placed in one cell and the drop-time and
voltage applied across the cell were both carefully regulated.
The dropping mercury cathode was then quiekly transferred to
the second cell which previously had been carefully weilghed.
after 100 drops of mercury had fallen at a constant voltage
and drop-time, the cathode was removed and the cell sgain was

weighed. The wvalues of m obtalned when the drops formed im a
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solution 2.5 x 10“5 ¥ with respect to "ketose" were found not

to be significantly differsnt from those values obtained when
the drops formed in 2.5 x 107° K sorbose, both solutions
being 0.1 M with respect to lithium chloride.

Curve 1 in Figure 3 shows the variation of m with drop-
time when no voltage was applied to the dropping mercury
electrode. The drop~time was teken with a stop watch.

dethod for obtaining diffusion cosffiecients

Herzog (1907) has shown the following relationship to

hold for dilute solutions of non-electrelytes:

- \,é;_._ ,
D=k e (23)

where D raprasahta the diffusion eoceffTiclent, i is a constant,
and MW, is the molecular weight of the diffusing substance.
Using known diffusion coefficlents determined in the vicinity
of 25°C., the constant has been found to be 8.9 x 10~° when
the diffusion coefficlent 1s expressed in square centimeters
per second. Some of the values in Table 1 have been deter-~
mined from the above relationship; others were obtained from
the International Critical Tables.

The valuse given in column four of Table 1 were obtained
from the International Critical Taebles, while those in column
three were calculuted by means of equation 23. Diffusion
goaefficlents caleculated by nmeans of eguation 23 were suffi-

clently sccurate for use in this investigation.



Table 1

Diffusion Cosfficlents of Several Sugers snd Polyhydrie
Aleochols at 25° C,

Compound Molecular Diffusion Coefficlient
velght {om2/sec. x 10°)
Calculated I.C.T.
Dihydroxyacetone g0 1 -
Erythrulese 120 8.1
Scorbose 180 é.6
Tagatose 180 6.6
*Ketose™ 176 6.7
Glycerol® 92 9.3 9.3
Arabinose® 180 7.3 7.8
Mannlitol laz 6.6 6.4

*Data given to show agreement between observed values
and those caleulated by means of equation 23,

Results

Preliminery investigations to check the accuracy of the

apparatus and the methods employed

Reduction of cadmium ions, In order to check the ae-

curacy of the apparatus and experimental methods employed in
this investigation, 1t was desirable to study the reduction

of some inorganic metal lon which had been previously investi-

gated and whose half-wave potential is definlitely established.

The cadmium lon was chosen for thls purpose because its
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limiting current is at a voliege very close to the electro-
capillary maximum for mercury and therefore gives no moxi-
mum on the current-voltage curve,

Cadmium chloride was used to prepare the standard solu-
tion of cadmium lons. The pure cadmium chlorlde was sube
limed in order to obtain the selt completely free of water
of hydration., 4 0.0100 M solution of cadmium chloride was
prepared from this salt. Enough of the standard solution
was transferred by means of a pipette to a 100 ml, volumet-
ric flask to make a solution 1 x 10~ i, with respect to
cadmium chloride. Five ml. of a 2.0 ¥ potassium chloride
solution were then added to the flask and the solutlion was
diluted to 100 ml. In a similer menner, a solution 5 x 10~%
¥ with respect to cadmium chloride was prepared,

The current-voltage curves obtalned using the two stand-
ard cadmium chloride soclutions prepared above are shown in
Figure 4, The half-wave potentisl obtained, -0.598 volt, weas
in excellent agreement with the value of «0.589 volt found
by Lingane {1939), who also used 0.1 M potassium chloride as
the indifferent electrolyte. 4 typical set of current-volte

age data is given in Table 2.



pEres

croam,

’

Current 1 Mr

0--1/70° Cac,
A--18 0" Cal, o ]
6 //(/
4
]
et e |
{
2
0.5 0.6 ' .7

- f£c Vorts
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Table 2

Current-Voltage Data for the Discharge of
Cadmium Ions

Cone., = 1 x 18“3 moles per liter; drop-time = 4 sec.; temp.
= 25°C.; indifferent electrolyte, C.1 K KCl; R = 7,000 ohns.

Current IR ~Eq
(microamperes) {volts) (voits)
U.08 0.0004 0.0143
.07 0,0008 0.1620
0.10 0.0007 0.2465
C.1l6 0.0011 0.3390
C.16 0.0011 0.4212
C.16 0.0011 0.4703
C.l8 0.0011 0.5055
0.21 0.0015 0.5261
.40 0.0028 0.55006
¢.78 C.C053 0.5750
1.80 0.0126 0.5858
Bed4 0.0184 0.5930
4,23 0.02986 0.8002
6.24 0.0437 0.6295
G.67 G.0467 0.6527
6.84 0.0479 0.6581
6.84 G.0479 0.6765
6.86 0.,0480 0.6907

The number of faradays of electricity required for the
reduction of one mole of cadmium lons as calculated by means
of the Ilkovié equation (equation 13) using experimental
date was found to be in falrly good sgreement with the theo-
retical value. This faet is shown in Table 3.



Table 3
Test of Hquation 13 in the Discharge of Cadmium Ions

D¥= 0,72 x 10"%en?/sec. ; n*¥ = 0,00189 g./sec.; t = 4 sec;
temp. = 25°C,

Concentration Ig n n
(moles per liter) {micro- {theoret~ {calcu=
smperes) ieal) lated)
1x 1079 6.6 2.00 2,11
5 x 1074 3.4 2,00 2.17

he diffusion coefficient for cadmium ions at infi-
nite dilution as calculated by Kolthoff and Lingsane:
Chem. Rev. 24, 30 (1939).

*#his value of m was not taken from Figure 3 as the
same caplllary was not employed,

The meanings of the various designations used in Table
3 have been given previously in a discussion of the Ilkovieé

equation.

Meximum polarographic range for different buffers and

electrolytes used in the investigetion. The compounds in-

vestigated were reduced at different buffered pH values;
therefore, it was necessary to perform a number of prelim-
inary experiments in order to determine the maximum voltage
at which each buffer could be used. Host of the standard
burfgr solutions were prepared according to directions given
by Clark and Lubs {(1916}. After preparation of a bufrfer,
its pH value was checked by measurement with a Cameron pH

meter.
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A series of potassium chloride~hydrochloric acid
buffers was prepared covering the pH range 1.3 to 2.2. The
buffer in this series having a maximal pH value, 2.2, could
not be used to study reductions which oceurred at a poten-
tial more negative than -1l.3 volts because of the discharge
of hydrogen ions.

¥ext, 8 series of potassium sacid phthalate-hydrochloric
acid and potassium acid phthalate~potassium hydroxide buffers
vasg prepared covering the pH range 2.2 to 5.2. Enough potas-
sium chloride was added to sach buffer to make the total
potassium ion concentration 0,1 M, The buffer of this ser-
ies having the greatest pH value, 5.2, could not be used to
investigate reductions which occurred at a potentlal more
negative thean ~1.5 volts.

The voltages at which hydrogen was discharged in the
cagse of two phosphate buffers 1ls shown in Figure 5. At
higher pH values the range was extended to more negative po-
tentials; unfortunately, however, phosphate buffers do not
exhibit much buffering cepacity above pH 8.

In order to study reductions occurring at high pH
values, potassium blecarbonute~potassium carbonate and boric
acid~potassium hydroxide-hydrochloric acid buffers were em-
ployed. These are not primary acid buffers; therefore, ac-
cording to Miller {1939b), they are of little value for
buffsering hydrogen ion concentrations arcund a dropping mer-

cury electrode. They were used, however, at pH values for
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which & more suitable buffer could not be obtained.
Potassium chloride and lithium chloride were used as

indifferent electrolytes for reductions performed in neu-

tral unbuffered solutions. The current-voltuge curves for

these two selectrolytes are shown in Figure 5.

Investigation of several ketones

Reduction of dihydroxyacetone at various concentrations

| in 0.1 M4 potassium chloride. A vacuum~dried sample of di-

hydroxyacetone was carefully weighed and transferred to a
volumetric flask. The sumple was dissolved and diluted to
the mark with 0.1 M potussium chloride. Nitrogen was bube
bled through the solution for about one hour to sxpel dis-
solved oxygen, as oxygen reacted slowly with the compound in
solution. Solutions prepared sccording to the wbove direce
tions were called "stock solutions". A4 fresh stoock solution
had to be prepared every two or three days since dihydroxy-
acetone solutions showed "aging effects®™ on standing. San-
ples for analysls were prepared by diluting the stock
solution with 0.1 M potassium chloride employing standard
volunetric squipment.

Current-voltage curves for three concentrations of di-
hydroxyacetone are shown in Figure 6. Many zttempts were nade
to obtain nmore well-defined limiting currents by adding ma-

terials such as methyl red or gelatin but without success.
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Table 4 shows the relationship between the caleculated and
the observed values for the diffusion currents for dihydroxye
acetone at wvarious concentrations. The calculuted values

were determined using the Ilkovid equation (equation 13).
Table 4

Relation Between the Caloulated and Observed Values
for the Diffusion Current for Dihydroxyacetone at

Various Concantrations

D=2g96.4x 13“66m§/sea. (Table 1}); m = 0.00149 g./ sec.
(Figure 3); 1t = 4 seec,

Concentration Diffusion Current
{moles/liter {mierocamperss)
x 10%)
Caleoulsated Observed
Ia Ig
1,0 6,1 3.2
1.5 9.1 -
g‘(} 13.2 10.5
3.0 18.3 14.9

The terms used in Table 4 have the sane meaning as given
in the discussion of the Ilkovié esquation, The diffusion
currents in column three of this table were obtained by sub-

tracting the residual current from the liniting current,

Reduction of Dihydroxyacetone 1in buffered and unbuffered
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solutions. The half-wave potentials observed for the re-
ductlion of dihydroxyscetone in various buffered and un-
buffered soltuions are given in Tuble 5. The pH value of
each different solution was determined with a Cameron pH
Meter after the sample had been prepared for analysis.

All reductions of dihydroxyacetone in buffer sclutions
more acld than pH 5 failled to produce a "ecathodlc wave".
Plots of the data obtained showed continuous current-volt-
age curves due to the discharge of hydrogen ions.

The phosphate buffers were used over the pH range 5.7
to 7.7. The current-volitage curve obtained at pH 5.7 showed
no limiting current, but only an infleetion point which was
considered to ocour at the hslf-wave potentiml. The in-
flection point was determined in the manner demonstrated in

Figure 10, that is, by plotting AL/ AR, areinst Eg. At

higher pH wvalues betiter limlting currents were obtalned for
reductions of dihydroxyzcetone in phosphate buffers.

The half-wave potentials cbtained when lithium chloride
wae used ss an indifferent electrolyte agreed clogely with

those obtained when potassium chloride was employed.
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Table B

Half-wave Potentials of Dihydroxyacetone in Various
Buffered and Unbuffered Solutions

Concentration Buffer or Half-wave
{moles/liter Electrolyte pH Potential
x 10%) (-volts)

Drop-time 2 seconds or less

1.0 0.1 M KCL1 ¥eutral 1.615
0.80 0.1 M KC1 " 1.625
0.31 0.1 M 1icl " 1.597
0.83 0.1 ¥ LicCl n 1.595
.75 0,1 ¥ XC1 8.2 1.615
(EOH added)
0.50 KHoPO4 ,KOH,KC1 5,7 1.623
0.50 " 6.9 1.645
0.50 " 7.7 1.625
0.50 HxBOs , KOH,KC1 8,9 1.641
G.50 4 10.0 1.541
Drop-time 4 seconds
1.0 C.1 M KC1 Neutral 1.590
2.0 U.,1 ¥ EC1 " - 1.808
3.0 0.1 M KC1 " 1.590
1.0 ¥KHoP04 ,KOH,KC1 6.4 1.57¢
1.5 " 6.4 1.557
1.0 KHCOx% ,KoC03,KC1 9.7 1.578
1.5 " 9.7 1.567
2.0 " 9.7 1.573

Borate buffers were used in the study of the reductions
of dihydroxyacetone over the pH range 8.0 to 10.0. The re-
duction in & borate buffer, pH 10, gave a limiting current
whlch was found to decreass to one-~half its initial value
when the solution was allowed to stand for 12 hours. In
order to determine whether this phenomenon was caused by the
borate buffer or the high basieity of the solution, a reduc-
tion of dihydroxyucetone was carried out using a potassium

carbonate-potassium bicarbonate buffer, pH 9.7. Again the
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limiting current decreased rapidly upon standing. after 19
hours the current-voltage curve showed no bresk (see Figure
8). At high pH wvalues, then, dihydroxyucetons was rapidly
decomposed or converted into a form which was no longer re-
ducible,

Table 5 shows that no regular shift of half-wave po-
tential with pH was observed. Figure 7 shows typical curves
for the reduction of dihydroxyacetone at two different pH

values.

Reduction of dihydroxyucetone in the presence of a

bacterial juice prepared from icetobacter suboxydans, Wleland

and Bertho (1928) have demonstrated the presence of dehydroe-
genases 1n the oxidative dissimilation of ethyl alechol by
the acetic acid bacteria. These authors found 1t impossidle
to separate the enzymes from the bacteria in the case of

Bacterium Qg;eanenae;' consequently, dehydrogenation studies

were carried out using suspensions of the bacteris in buffered
solutions. Both oxygen and cguinone were observed to function
as hydrogen aceseptors. Bertho {1930} luter exztended thils
work %o include other acetlc acid bacteria and other sub-
strates.

Dehydrogenases also would be expected to play a role in
the action of Acetobacter suboxydans on polyhydric aleohols;

accordingly, in this investigation attempts were msade to pre-

pare a bacterial julce which would show dehydrogenase activity.
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It was thought that if the reduction of dihydroxyacetone
egould be carried outin the presence of an "active" bac

terial julce prepared from scestobacter suboxydans, the

enzyme might be adsorbed at the msrecury/solution interface
and there exhibit an effect on the reduction potential of
the compound. Since most enzymes which function in hydro-
gen transfer are considered to be reversible oxidation-
reductlon systems, &« further interesting possibility wus
thut the batterial julce prepared would show a "cathodic
wave" characterizing some reversible enzyme system.

The bacteriel julce saployed was prepared according to
& proecdure similar to that givan by Wiggert, Silvermen,

Utter, and Werkman (1940)., The Acetobacter suboxydans was

grown on a glycerol medium containing per 100 ml.: 6.0
grams of glycerol, 0.50 gram of yeast extract, and 0.30 gram
of vriamary potassium phosphate. The bacteria were cultured
at 28°C, in large mold flasks., ¥ach flask contzined only 300
ml. of mediux in order to insurs a lurge surface-volume ratio.
After incubatlon for = period of four days the cells were
geparated from the broth by cantrifugation in & Sharples
supercentrifuge at about 35,000 KPM, The cells were washed
with several 100 ml. portions of phosphate buffer (pH 6.4).
Six prems of woushed cells, 18 grams of finely ground
Pyrex gloss, and enough phosphete buffer (pH 6.4) to form a
thick puste were mixed intimately by nmeans of & gpatulu. An

8 gram pertion of the resulting paste was ground vigorously
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in & well-iced mortar for four minutes, All such 8 gram
portions were combined ufter grinding and extracted with 2
ml. of phosphate buffer (pH 6.4) for each 8 gram ground
portion. The mixture was centrifuged for 15 minutes on a
number 2 International Centrifuge st about 2,500 RPM, The
supsrnate was clarified further by centrifugation in a
Beans ultracentrifuge at about 175,000 RPM, The supernate
from the latter centrifugation was ussed as the bacterial julce.

The bacterial juicee prepsered according to the above pro-
cadure did not show any activity by the methylene blue tech-
nigue when either glycercl or sorbitol wses used as a substrate.

Two ml., of the baecterial julce were diluted to 50 ml.
with 1.5 x 1072 M éihydroxyacetone in a phosphate buffer so-
lution of pH 6.4. Heductlion of dihydroxyacetone in the re-
sulting solution geve a current-voltage curve (Figure 9) which
showsed no well-defined limiting current. The decomposition
voltage, however, was shifted to a somewhat more positive
value. Several other concentrations of the bacterial juice
ware used but no important varistions in the slepe of the
current-voltage curves were obtained.

Reductions of dihydroxysacetone also were performed in
the presence of the bacterlal Juice using a carbonate buffer
of pH 9.7. PFigure 10 shows the current-voltage curve cbtained
uging a solution prepared by diluting 0.6 ml. of bacterial
Juice to 50 ml. with 1,5 x 163 M dihydroxyacetone in the ocar-

bonate buffer. although a symmetrical curve was obtalned, the
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limiting current could not be determined easily. The half-
wave potential taken us the inflection point on the curve was
found to be -1.59 volts, a2 value whioch agreed closely with
the values in Table 5. The method of determining the inflec-
tion point is given in Figure 10, When more ooncentrated
solutions of the bacterial Jjulce were used, current-voltage
curves vere obtained which showed no limiting current.

The only cobssrved effect of the bacterial juice in the
above experiments seemed Lo be a decreased hydrogen overvoli-

age on meroury.

Heduction of l-erythrulose in O.1 M lithium chloride.

The reductions of erythrulose were carried out using the di-
luted Termentation liquor. The composition of the meso-
erythritol medium used to produce the erythrulose is given
in the section of this thesis dealing with materials.

After incubation of the inoculated medium for six days
at 28°C,., the fermentation liquor was analyyed using the polar-
ographlic method. Preliminary investigetions showed that dl-
Jution of 1.00 ml. of the fermentation liquor to a volume of
200.0 m1, with 0,1 ¥ 1lithium chloride gave a convenlent con-
csentration for analysis. Figure 11 shows two current-voltege
curves obiained for reductions carried out using the diluted
fermentations. The higher curve, dilution 1:2C0, is almost
twice the height of the lower curve, dilution 1:400; there-

fore, the magnitude of the limiting ocurrent appears Lo be
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directly proportional to the concentration of reducible ma-
terial,

Using & medium of the ssame composition as the one used
above, Whistler and Underkofler (1938) obtained 98 per cent
yvields of erythrulose aftey a seven~day period of fermenta-
tion. The yleld wes determined by mesns of the Shaffer-
Hartmenn sugar titration method. On the basis of a 96 per
cent yleld the diffusion current value for erythrulose at 1:
200 dilution caleulated by means of the Ilkovié equation was
found to be 6.1 microamperes. Filgure 1l shows that the
current-voltage curves formed two distinet "waves", the fiist
being somewhat higher than the second. Xither the first
"wave" was dus to the reductlon of erythrulose and the second
to some otler reducible materisl formed in the medium, or
the erythrulose formed two "waves" in the presence of the
bacteria and enzymes introduced from the fermentation liquor,
thereby indicating a two-step reduction. Assuming the first
"wave" to be due to the reduction of erythrulose, the observed
value for the diffusion current at 1:200 dilution was 7.2
microamperses, This value is higher than the calculated value
Ziven above.

The half-wave potential for the first "wave" was -~1.60
volts while that for the second was around -1.85 volts. Ave
eraging these two values gave & half-wave potential of ~1.72

yolts.
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Reductions carried out employing the sterilized, di-~
luted, and unfermented medium showed only a residual current
passing through the elsctrolysis cell up to an applied volt-
age of -2.0.

Reduction of l-sorbogse at wvarious concentrations in 0.1

¥ lithium chloride. A vacuun-dried sample of pure sorbose

foen

was accurately welghed and dissolved in 0,1 M lithium chlo-
ride to form a standard stock solution of the compound. HNie
trogen was bubbled through the solution for sbout an hour
to expel dissolved oxygen. The sorbose solutions did not
show sn "aging effect" as markedly as did the dlhydroxy ace-
tone solutions mentioned earlier; consequently, the stock
gsolutions could be kept for longer perlods., Samples eaploy-
ed in analysis were prepured by diluting the stock solution
with 0.1 ¥ lithium ahloride.‘
| Very smooth current-voltage curves showing well-defined
limiting currents were obtalned for the reduction of sorbose
in 0.1 M lithium chloride., PFigure 12 shows curves for three
different concentrations of sorbose while Figure 13, a plot
of diffusion current sgainst molarity, shows the lineir
relationship between the d4iffusion current and the concentra-
tion of the reducible compound, Table 6 demonstrates the re-
lation between the diffusicn currents calculated by means of

the Ilkovid equation and those determined experimentally.
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Diffusion Currents of Sorbose at Various

Concentrations

D=6.6x 10~ am%/see. (Table 1); m = 0.00125 g./sec.
(Figure 3); 1 = 4 sec.; temp. = 25°C.

Goncentration Diffusion Current
(mnlas/éiter {microamperes)
x 107) Caleculated Observed
2.50 11.3 4.2
3.75 17.0 7.3
5.00 22.7 10.9

Reduction of l-sorbose in O.1 N lithium carbonate. Un~

fortunately, buffers containing potassium ions could not be
used In studying the reduction of sorbose since the dis-
charge of these ions began at a potential corresponding to
the limiting current of sorboss, Because no suitable buffer
could be obtained, lithium carbonate was chosen to produce
alkeline solutions for the reduction of this compound. The
effect of ochanges in acidity of the solution on the half-

wave potential of sorbose is shown in Tabls 7.
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Table 7

Half-wave Potentials of Sorbose in Various

Unbuffered Solutions

Concentration Indifferent Half-wave

(mnlas/léter Electrolyte pH Potential
x 10%) { - volts)
2.50 0.1 ¥ 1iCl Heutral 1.800
3.75 " " 1.807
5.00 " " 1.807
3.75 0.1 N LigCOg 10.7 1.848

From an inspsction of the calculated and observed dif-
fusion eurrent values in Table 6, 1t is evident that if
the Ilkovi¢ equation can be applied to the reduction of
gorbose at the dropping mercury cathode, then the value for
the nuuber of faradays required per mole is more likely one
than two. If the reductions represented in Figure 12 are
illustrative of reveréihle processes, the ﬁlepe of the
straight line obtained by a graph of log I/Ig - I ageinst
Eg should be 0.0295 at 25°C, for n = 2 or 0.059 for n = 1.

Table 8 showg the values of §2Aat different heights on
a current-voltage curve 1llustrsting the reduction of 5.0
x 1073 ¥ sorbose in 0.1 ¥ lithium chloride.

Figure 14 shows the straight lins obtained when

log I/Ig - I was plotted sgeinst H,. The slope was found to
be (.l42.
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Table 8

Relation of I/I4 - I to Eg for the RKeduction

of 5.0 x 10~ M Serbose in 0.1 M Licl

/1y B I/I4 - I log I/Ig ~ I
{~ volts)
0.25 1.748 0.333 - 0.47756
0.50 1.806 1.000 0.00000
0.75 1.881 3.000 + 0.47712

Reoduction of d-tagatose at various goncentrations in
O.1 ¥ 1lithium ghloride. The production of tagatose by

Acetobacter guboxydans has not been reported; therefore,

strietly speaking, this compound does not belong in the
serles studied in this investigation, However, 1t is highly
probable that g-talitol would be oxidized by Acetobacter

suboxydans since 1t has the "proper configuration” for fermen-
tation. Lack of a reported fermentstion is probably due to
the socarcity of d-talitol.

Heyrovsky and Smoler {1932) have reported sorbose and
fructose to be reducible at -1.80 volts in neutral solution,
This investigation has confirmed ﬁhe reduetion value of the
former compound. Bince tagatose is an isomer of sorbose and
fructose it too would be expected to have a half-wave poten-
tial value around -1.80 volis.

Figure 15 showe the onrrent-voliage curves for the re-
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duction of tagatose at three different concentrations. The
curves are not the smooth S-shaped type obtained with sor-
boee, Moreover the relationship betwsen the diffusion
current and concentration of tugatose does not appear to be
& lipear one; however, this 1s probably due to the fact

that the limiting currents were difficult to determine.

Table 9
Half~wave Potentisls and Diffusion Currents for the

Reduction of Tagatose at Various Concentrations in

0.1 ¥ 1icl
?oncentration Half~-wave Diffusion Currentl
{moles/liter Potential {microauperes)
x 10%) {~ volts)
Calculated Observed
1.50 1.790 6.8 3.1
2.50 1.806 11l.3 6.1
3.00 ' 1.809 13.6 7.2

1 The velues of m, t, and D for tagatose are the same as
those for sorbose.

Heduction of "ketose" at various concentrations in 0.1

M iithium chloride. Previous investigations in this labora-
tory by Duaning, Fulmer, Guymon, and Underkofler have dis-

closed that the action of iscetobacter suboxydens upon the

eyelic polyhydric elcohol i-inositol produced an oxidation

product which apnalysis showed to be principally a diketo-i-
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inositol. Although a full identificatlon of the ketose
compound has not been completed, results to date uphold
the originally assigned formula.

The reduction of this ketose compound at the dropping
mercury electrode was of particular interest inasmuch as
the above euthors had postulated that gyiaasitol and its oxi-
dation products might exlst in reversible oxidation-reduction
systems. This postulate was offered to shed light upon the
function of ji~inositol as Bios I. It was hoped that this
investigation mighﬁ demonstrate a reversible oxidation-re-
duction system as had been proposed. In sddition, it was
further thought that a polarographic reduction of the ketose
compound might offer additional evidence for the correctness
of the assligned formula.

A stapdard stock solution of the "ketose"™ was prepared
in 0.1 ¥ lithium chloride. Solutions employed in the re-
duction investigations were prepared by diluting the stoek
golutlion with 0.1 M lithium chloride. Current-voltage curves
for four different concentrations of "ketose" are illustrated
in Pigure 16. The strictly linear relationship between dif-
fusion currents and concentration of "ketose" is shown in
Figure 17. In Table 10 are presented data showing the rela-
tion between the experimentally determined diffusion currents
and the diffusion currents c&lcul&teé by means of the Ilkovié
equation assuming four electrons to be required for the re-

duction of =sach molecule of "ketose".
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Table 10

Diffusion Currants for the Reduction of "RKetose"

at Various Concentrations in 0.1 ¥ LiCl

D=6,7x 10”§ em2/sec. {Teble 1}); m = 0,00153 g./ sec,
(Figure 3); L = 4 sec.; 1n = 4; temp. = 25°C,

Concentration Half-Wave ' Diffusion Current

(mal%s/létar Potential {mlcroamperes)
x 10%) (- volts) Calculated Chsarved
1.0 1.581 10.5 3.6
1.5 1.580 15,79 5.8
2.0 1.558 20,9 7.8
2.5 1.545 26,2 10.0

Table 10 shows & marked discrepancy between the observed
and caleculated values for the diffusion currents, It wes
interesting to note, however, that with & 2.5 x 10™° M sorb-
ose solution, assuming n = 2, the ratio of the calculated to
the observed diffusion current was 2.69, while the same ratio
for a 2.5 x 10~ ¥ “ketose" solution, assuming n = 4 was
found to be 2.62. When values of log I/lg - I were plotted
against %g{in the cage of reduction of 2.5 x 10~3 ¥ “ketosem,

a slope of 0.083 was obtalined.

Reduction of "ketose” in various buffered and unbuffersd

golutions. In order to determine the shift of half-wave pO=-

tentials with pH for "ketose", the compound was reduced in a



series of phosphate buffer solutlons. Figure 18 showe
current-voltage curves for the reduction of "ketose" in
phosphate buffers at three different pH wvalues. The shift
of the half-wave potentisl with pH was observed to be small
but in a regular order. The curve for the reduction at

the highest pH value showed signs of breaking into two
separate "waves" around an applied potential of -1.52 volts,

Reductions attempted in the more acid range using po-
tassium chloride-hydrochloric acid and potassium acid
phthalate~potagsium hydroxide buffers showed no charasoter-
istic "ketose wave” because of the discharge of hydrogen
ionsa.

Gurrent-voltage curves for "ketose" in 0.1 ¥ potassium
chloride showed very pronounced maxims which could be al-
most completely eliminated by the sddition of several drops
of dilute methyl red solution (see Figure 19). The half-
wave potential obtained in 0.1 M potassium chloride 4id not
check with the value cbtained in 0.1 M lithium chloride (see
Teble 11). A small amount of this difference in half-wave
potentials may be accounted for by the fact that 0.1 M
l1ithium chloride has a higher spgaific resistance than 0.1
¥ potassium chloride; therefore, & larger gg correction is
necessary in the former case (see squation 21).

The current-voltage curve for the reduction of "ketose"

in a potassium carbonate-potassium bicarbonate buffer, pH 9.8,
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is illustrated in Figure 20. It was observed that solu-
tions of "ketose" in the carbonate buffer gave no "reduce
tion wave" after standing for a period of 36 hours. This
observation was similar to the one made in the case of di-
hydroxyacetone. In the asbove case the change was due prob-
ably to decomposition of the "ketose" In the strongly basie
solution, "Ketose" formed a clear solution in the carbonate
buffer, pH 9.8, which changed to a yellow color szfter stand-
ing sbout 12 hours. This yellow color immedistely disap-
peared upon admitting oxygen to the flask.

The current-voltage curve (Figure 20) for the reduc-
tion of "ketose" in the carbonste buffer showed a maxlmmum
gimilar to the one obtained when the reduction was carried
out ip 0.1 M potassium chloride,

In Table 1l are presented half-wave potentiasl values
of "ketose" in various buffered and unbuffered solutions.

Table 11

Half-Wave Potentials of "Xetose®™ in Several
Buffered and Unbuffered Solutions

Buffer or pH Half-iWave
Blectrolyte Potential
{- volts)
0.1 ¥ Lici Neutral 1.550
0.1 M KC1 " 1.498
KHoPOQy4, KOH, KC1 7.00 1.465
w " " 6.53 1.4587
" " " 5.44 1.454

K,C04,KHCOs, KC1 9.82 1.532
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Polarographic investigations of & mixture of two ketones.

Reduction of "ketose" and l-sorbose contained in the

same solution. The half-wave potentlel values for the re-

duction of a series of ketoss compounds under different
experimental conditions have been presented in the fore-
going section of thie thesis. The values cbtained, arranged
in order of increasing negative potential, are as follows:
"ketose”, -1.550 volts; dilhydroxyacetons, -1.596 volts;
erythrulose, ~1.72 voltes {an average of the two half-waves
obtained); sorbose, -1.807 volts; and tagatose, -1.807
volts,

If the potentials given in the above series have any
thermodynanic significance, then "ketose", the oxidized form
of a system more positive in the series, should oxidize
sorbitol, the reduced form of a system lower in the series,
provided & suiltable catrlyst is present. The work of Adkins
and Cox (1938) in the equilibration of aleohols and ketones
using aluminum t-butoxide as a catalyst has been referred to
previously.

Befores oxidation of sorbitol by "ketose" could be ate
tempted, it was necessary to show that "ketose™ could be
detected quantlitatively in the presence of sorbose and vice
versa. Figure 21 shows current-voltage curves obtained when
C.l M lithium chloride solutions containing both "ketose®

and sorbose were analyzed. The half-wave potential and
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diffusion current of sach of the two compounds was un-

affected by the presence of the other,

Lffect of "ketose"™ upon gorbitol in the presence of

palladium black. It was thought that palladium black might

be employed as a catalyst in the equilibration of "ketose"
and sorbitol sinee this catalyst has been found to be &c=-
tive in a great meny dehydrogenation processes.

The palladium black wes prepared in the following man-
ner. A good grade of washed asbestos was guspended in a
very dilute alkaline gluccose solution. A small amount of a
dilute solution of palladium chloride was zdded and hydrogen
was bubbled through the solution whereupon instantaneous re-
duction of the palladium chloride ocourred, the finely di-
vided palladium blaek being deposited on the asbestos fibers.
The palludium-coated asbestos was washed several times with
hot water and finally was suspended in distilled water. It
was demonstrated to be quite sctive in the reduction of
methylene blue. This material was tried as a catalyst in

the equilibration mentioned above,

# solution C,01 M with respect to both sorbitol and
Y*ketose" was prepuared and nitrogen was passed tnroggh the
solution in order %o expel dissolved oxygen. Palladium
black was then slued and thne gystem wes allowed to stand in
a nitrogen atmosphere for & period of four hours. At the

end of this time the solution was filtered away from the
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palladium black while maintaining a nitrogen atmosphers.
The resulting solution was diluted 1:25, enough lithium
chloride being added to make it 0.1 M with respect to this
salt.

Filgure 22 shows that no sorbose was rermed from sorbi-
tol by the actlon of "ketose" 1n the presence of palladium

after a four-hour period.

Effect of "ketose"” upon sorbitol in the presence of a

bacterial juice prepared from Acetobacter suboxydans. The

experiment discussed ubove was repeated using a bacterial

Juice from Acetobacter suboxydans as a catalyst in place of

palladium black, The bucterial julce wuas prepared accord-
ing to directions given previously. Figure 23 shows that
again negative results were encountered.

The above exveriments 4o not prove, however, that the
oxidation of sorbitol by "ketose” is impossible. 4 sultable
catalyst might not have been present in the bacterisl juice.
As the bacterial Juice used was shown to be not highly ae-
tive, too much significance should not be attaeched to the

results obtained.

Relutive fermentebility of i-inoeitol and sorbitol by

Acetobacter suboxydans. The fact that sorbose could be de-

tected in the presence of "kstose" suggested the possibility

of carrying ocut & fermentation for the purpose of determine
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ing the order in which i-inositol and sorbitol are ferment=-

ed by Acetobacter suboxydans. It was thought that there

might be some correlation between the order of fermenta-
tion of the various polyhydric alcohols and the polarograph=-
ic half-wave potentials of the corresponding oxidation
products.

An i-inositol~sorbitel fermentation was carried out em-
ploying a medium whieh contalned 3.0 grams of i-inositol,
3.0 grams of sorbitol and 0.5 gram yeast extract per 100 ml.
of solution. The medium was sterilized for 30 minutes at
15 pounds steam pressure. Inoculations were made by adding

1 ml. of an active culture of icetobacter suboxydsns to each

50 ml. of medium in 250 ml. Erlenmeyer flasks. The culture
used ag the inoeulum was grown on a medium having a composi-
tion the same as that used In the fermentations to be in-
vestigated, The stoek culture used in the initial transfer
was taken from a 5 per cent glycerol, 0.5 per cent yeast ex-
tract agar slant,

The course of the fermentation wus followed polarographe
ically, a separate flask being taken for analyses performed
at each time interval. As it was necessary to dilute the
Termentation liquor for most of the analyses, preliminary
experiments had %0 be run to determine the shape of the
current-voltage curves at different dilution ratios when no

oxidation products wers present. Znough lithium chloride was
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sdded in each case to make the Tinal solution 0.1 M with
respect to this salt., It was found that substances reduc-
ing st potentisls more negative than -1,50 volts could not
be detected in the undiluted fermentation medium due to
the discharge at this voltage of some substance present in
large quantities. The substance discharged was probably
hydrogen. The depolurizing material was evidently a c¢one
stituent of the yeast extract for, when the undiluted med-
ium vas treated with Norite, filtered, and the filtrate an-
alyZed, no discharge was obssrved until a voltage of -1.80
was rsaghed. "Ketose", then, could be determined in the un-
éilntaé.farmantatina liquor but not sorbose.

The first analysis run at the end of three hours using
a Termentation liquor which had been filtered through Norite
showed a "ketose wave" around -1.50 volte but this was prob-
sbly due to the smaell smount of "ketose" added in the in-
jtial inoculum. Due to the discharge of hydrogen around a
value of ~1.70 volts no sorbose could be detected. Subse~
guent fermentations snalyzed at various time intervals were
diluted to give concentrations of reducible material which
could be analyzed convenliently. Figure 24 shows ocurrent-
voltage curves for the fermentatlons st the end of four
different periods during the flrst day. The dllution ratio
used to obtain these curves was 1:10 (1 ml. of fermentation

liguor to make 10 ml. of solution). HNorite was not added.
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i-inositol-sorbitol medium after vargous time intervals; dilution ratio
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The concentration of "ketose™ began to build up rapidly
after the first day. PFlgure 25 shows current-voltage curves
for the i-inositol-sorbitol fermentation at the end of 46,
72, 96, and 120 hours, respectively, when a dilution ratio
of 1:100 was used. Sorbose could not be detected easily Cue
to 8 simulteneous discharge of hydrogen or some other mater-
ial., Since st equal concentrations the "wave® height for
"ketose"™ 1s approximately twice as hligh as that for sorboss,
the detection of the latter compound is more difficult in
very low conecentrations.

Many snalyses were run &t various time intervals and
dilutions but it was impossible from the data obtained to de-
termine which of the above two polyhydric alcohols was
attucked first. The rate of formation of "ketose" could be
followed readily, but, although a sorbose break was evident
aven durling the sarly stages of the fermentation, no quanti-
tative significance could be assigned to the data obtained
in this region of the current-voltage curves. Until more
data are accumulated and the snalytical technique more high-
ly refined, any statement made concerning the relative fer-

mentablility of i-inositol and sorbitol by Acetobacter

suboxydans would have t0 be msde with much reservation.
Teble 12 shows the per cent ylelds of "ketose" after

different time intervels as determined by the polarographie

method. The diffusion currents taken from curves in Flgures

24 and 25 were interpreted in terms of molarity using
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the curve shown in Figure 17.

Table 12

Yields of "Ketose® from the iAotion of Acetobacter

suboxydans on an l-Thositol-Sorbltol Medium After

Various Time Intervals

Time Per Cent !
{(hours) "Ketose"

6 3

l2 3

18 5

24 6

46 36

78 a2

a6 a1
120 107

The limiting current for "ketose" showed no further ine-
orease «fter 120 hours. The 107 per cent yield of "ketose"
reported at the end of the fermentation is easily under-
stood when it is considered that the fermentation was diluted

in the ratio of 1:100 in order to perform the analysis.
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DISCUSBION

Ags pointed out by Miller (l@ﬁgb), the fact that the
palarograghie half-wave potential of a reducible organic
compound shifts regulerly with pH does not necessarily
mean that the total reducticn process is & reversible ocne.
Such shifts might be due to the selective measurement at
the dropping mercury electrode of & reversible step in a
reduction which is on the whole irreversible. The change
in helf-wave potential with pH cannot be used as an absolute
eriterion of reversibility, but systems which involve hydro-
gen ions and do not show regular pH effects may be classed
definitely as irreversible.

The change in @é_with pH for sn organiec oxidation -~
reduction system in which no cations ure created by hydroe
genation (for example, the reductions studied in this in-
vestigation) may be represented by formula 24.

X, =L, +Bhamt) (24)
or at 25°C.

Egq = Eo - 0.05¢ pH (25)

Since, in well-buffered solutions, the half-wave potential

is equal to the potentiometrically established E; for simple

—

reversible organic oxidation-reduection systems, Elfz can be
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substituted for E; in equation 25.

In the cases investigated, the half-wave potentlals
should have shifted 0.039 volt toward more negative values
for esch unit change in pH. Inspection of Table 5 shows
that in the case of dihydroxyacetone the changes actually
were very slight and irregular, It appears that altering
the buffer or indifferent electrclyte has a greater effect
than does varying the pH. Table 7 shows that the half-wave
potential of sorbose varied with pH in the expected direc-
tion, but the magnitude of the shift did not conform with
equation 256, As the reductions of sorbose were carried out
in unbuffered or poorly buffered solutions, the pH values
in the body of the solutions night not have been identical
with those at the electrode/solution interface where the
reductions ocourred. Flgure 17 shows that the change in
half-wave potential with change in pH for "ketose" was smcll
but in the expected direction.

The dats show that the reductions studied in this in-
vestigation are irreversible processes under the conditions
at which they were performed. The half-wave potentlials are
probably more negative than the true §é values for the
systemg considered. The accuraey of thls statement might be
tested by calculations which could be made from thermal data
employing the third law of therwodynsmics., The thermal

method of obtainirg B, valyes has the advantage of not being
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restricted to perfectly reversible systems. Unfortunately,
howsver, sufficient thermsl data are not avallsble to meke
posslble the accurate calculation of the free energy of
hydrogenation of the compounds investigated.

Enough thermal data are available for the sorbose-
sorbitol system to meke possible an §g caloulation based on
a Tew reasonable assumptions. Opvenheimer and Stern (1939)
have tabulated the velue of Agﬁﬁ for the hydrogemation of
glucose to form sorbitol as -7,000 calories. Asgsuming the
free energy of hydrogenation of sorbose 10 be the same as
that of glucose and employing the relationship AF® = -nFE,

E, for the sorbose-sorbitol system is found to equal +0.152

volt. .

The only obstacle to the direct calculation of the free
energy of hydrogenation of sorbose is lack of heat capacity
data for sorbose; &ll other necessary thermel data are
avallable, By assuming the molal entropy of sorbose to be
equal to that of glucose, & walue which is accurately known,
the free energy of hydrogenation of sorbose calculated by
means of the third law of thermodyranies is found to equal
-1,930 calories at 25° C, ¥rom this value Bg for the sorbose-
sorbitel system is found to be +0.,042 volt..

Since both of the above calculaticns are based on some
assumptions, the %Q’valuas obtained only roughly approxi-

mate the true value, REither of the two salculated values,
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however, ls sufficlently sccurate to show the lurge dlse
crepancy between the §§ value for the sorbose-sorbitol
gystem and the polarographie¢ half-wave potential. The
half-wave potential of scorbose at pH 7 is -1,807 volts re-
ferred to the ssturated calomel half-cell. Heferred to
the standard hydrogen electrode this value is ~1.581 volts.
Substituting the latter value for ﬁé in equation 25 gilves
an %Q of -1.148 volts (pH O). TFrom the foregoing, it is
apparent that the sorbose-sorbitol system is either ir-
reversible or else too electromotively sluggish to estab-
lish an equilibrium potential at the dropplng mercury elec-
tro&a.

It is extremely doubtful that electromotively sluggish
systems oan be equilibratsed at o dropping mercury electrode
in the presence of sn enzyme since the period during which
equilibrium muet be established is very short, about 4
geconds. Previous investigations of electromotively slug-
glsh systems (for exampls, the isopropyl alcohol-acetone
system) have shown that a period of several hours often is
required for equilibrium to be attuined even in the presence
of very active enzyme preparations. Nevertheless the polar-
ographic method stlll should prove to be applicable to en-
zyme studies. If suitabla dehydrogenases wers present, it
should be possible to establish equillibriuam hetween two

sugars and thelr corresponding polyhydric aleochols. The rel-
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ative amounts of the two sugars present at equilibrium
could be determined polarographically. Xnowing the cone
centrations of the polyhydric alecchols and sugars present
at the 5eginning of en experiment, and Phe concentrations
of the sugers present at equilibrium, the equilibrium con-
stant for the rsaction could be caleulated. From the equi-
librium constant data, the different sugars could be ar-
ranged in the order of their oxldizing intensities. BRaker
and Adkins (1940) have alresdy adapted this method to a
study of ketcnes other than sugers employing aluminum t-
butoxide as a catalyst. There 1s every reason to bellieve
thaet the method can be adapted to enzyme equilibrated
systems,

Inspection of the obzerved and calculated valuas for
the diffusion currents of the different ketose compounds
studied in thls imvestigetion shows that the discrepancies
are quite marked. The differences are too great to be at-
tributed to possgible errors in the methods of procedure.
The errors ocourring in determining the values of m, D, and
¢ in the Ilkovié equation sach should not have exceeded 5 per
c¢ent. Farthermore, it 1s 1lloglcal to assume that the
Ilkovié equetion does not apply in the case of reductions
carried out in this investigation. This equation was derived
on the basis of theorstical considerations and it has been

tested experimentally in a number of lnorganic reductions,



- 111 -

The discrepancies mentioned above are more likely explaine
ed by the existence of several isomeric forms of the
ketose compounds in solution, ab least one form of which
is not redusivlé at the dropping merecury elsctrode.
Heyrovsky and Smoler (1932) reported that the kstonic
group in sorbose and fructose appeared to take up two elec-
trons at high temperatures but that at ordinsry room terp-
erature the reductlion wasz incomplste. These authors sug-
gestcd that the ketoses (sorbose and Tructose] vere pres-
ent in solution in two tautomeric forms one of which was
eaglly electroreducible., High tempsratures were reported
to favor the formation of the easily reducible form. Brigl
and Sehinle (1933, 1934) have obtained direct evidence,
based on changes in rotation with temperature, for the high
&egree;ef tautomerism displi:yed by aqueous solutions of
fructose.
‘In accordance with the modern concept of ketose config-
urations, the postulaited electroreducidble and "non-reducible

forms of dihydroxyacetone and sorhose may be repregented as

follows:
gﬁgﬁﬁ GHCH oo Qﬁgaﬁ
HyOH CH,OH %8 8
CH -HCCH
proposed electro- CHpO0H

reducible form of
dihydroxyacetone



- 112 -

?HEOK (}Hgﬁﬂ CHoCH
— C-OH g=0 —— G-OH
HO-C-H . ~ HO-C-H HO-C-H
HeG-0H HeC=0H Hw~C-O0H
HO=C-H HG—?@H — OC=H
—0CHp CH,0H CHy0H

proposed slectro-
reducible form
of sorbose
The term "non~reducible” as used sbove only impllies that
the substance is not electroreducible within the polaro-
graphic range.
The data obtained in this investigation indicate that

a large per cent of the electroreducible form of dihydroxy~
scetone was present ln neutral aqueous solutions, In strong-
ly basic solutions the reduction "wave" almost completely
disappeared. This was due probably to conversion of the
easily reducible keto Tform of dihydroxyacetone to the more
difficultly reducible snol form. Supporting evidence that
the encl form of dihydroxysoetone is the difficulty reduc-
ible form is given in the fact that ascorblec acid, a come-
pound . having a doubla~bond structure somewhat similar to
that in the enol form of dlhydroxyacetone, is not reducible
at the dropping mercury cathode. The six-membered dioxane-
type ring shown above could have been formed from sither the

keto or enol form of dihydroxyacetone.,

Bxperiments showed that the "nonereducible" furanose
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and pyranose formg of sorbose must have been present in rela-
tively large proportions in neutral or alkaline solutions,

The observed value for the diffusion ourrent of erythru-
lose was slightly greater than the calculated vslue., This
would indicate that all of the compound was present in a re-
ducible form, However, since the reductions of erythrulose
were carried out in the fermentation liquor instead of in
pure solutions, quantitative interpretations of the data
should be mede with reservation. The tetrose sugars c¢annot
exist in the monomolscular form as a pyrancse ring, but only
as the smaller furamnose ring. The tetrose, erythrulose,
would not be expected to form a ring at all. Hone of the
tetrose sugare has been obtained in a crystalline form, In
view of the above discussion concerning "non-reducible"
ring formation in sugar solutiocns, a polarographic investi-
gation of pure erythrulose, erythrose, and threose should
prove very informative.

The exlistence of isomeric forms of ceourse 1s not the
only possible explanation for the discrepancies oceurring
between the calculated and observed values for the 4if-
fusion currents. The end products assumed to be formed in
the reductions investigsted might not have hesn identical
with those actually formed, since the reduction mechanism
was not known with certelinty. The amount of rsduced ma-

terial formed during & polarographic reduction is extremely
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small; consequently, the characterization of this material

would be very difficult. Only speculatlon on the nature

of the reduction reactions c¢an be given. The sxpected re-~

duction pfnduets in the cases studlied would be the corres-

ponding polyhydrie alcohols; however, other products might
have been formed (for example, pinacols).

Due to the adaptation of the polarogrephie method to
such a wide variety of problems, its place in hlological
chemistry cannot be guestioned., The method 1ls particu-
larly sultable as a means of detecting miero quantities of
electroreducible or electrobxidizable compounds both quante-
itatively snd qualitatively and hereln lies its chief value
to the blochemist,



SUMMARY AND CONCLUSIONS

1. The polarogrephic method has besn employed in the in-
vestigation of the reduction of dihydroxyacetone, erythru-
lose, sorbose, tagatose, and "ketose" at the dropping
mercury cathode. The current-volioge dats were determined
manually. The half-wave potentlals for the reduction of
the compounds in 0.1 M lithium chloride, referred to the
saturated calomel half-cell and arranged in crﬁer of ln-
creasing negative potential,are as Tfollows: ‘ketose",
-1.55 volts; dihydroxyacetone, ~1.59 volts; erythruloss,
~1.80 volts (a second bresk was observed, half-wave, ~1.85
volts); sorbose, -1l.81 volts; and tagatose, -1.81 volts.
The half-wave potential of sorboss agrees favorably with the
value found by Heyrovsky and Smoler (1932). The compounds
listed sbove, with the exception of tagatose, were produced

by the actlon of A¢etobacter suboxydans upon the corresponde

ing polyhydric alcohols. Considering the compounds investi-
gated in this thesis along with other compounds formed by

the aotion of Acetobacter suboxydans which have been investi-

gated polarocgrephically (such as, fructose, galactose,
acataldehyde, propiagalﬁeh&de, acetone, hydroxyacetone,
acetylmethylecarbinol, aend discetyl), there appears to be no
direct relationship between the polerographic half.wave po-

tential of the compound and the ability of the organism to
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ferm the compound.

2. The effect of pH on the half-wave potentials of di-
hydroxyacetone, sorbose and "ketose"™ has been found to be
less than expected from theoretical considerations. The
reductions are irreversible although in the case of "ketose"
there might exist a reversible step, the nuature of which is
at present unknown. The §Q for the sorboge-sorbitol system
caloulated from thermal data doss not sgree with the half-
wave potential for the reduction of sorbose (pH=0). Further
evidence that the equation of the polarographic wave does
not hold in the reduction of sorbose and "ketose" is glven

by the fact that plots of E, against log I/Ig - I do not give

straight lines with slopes equal to RT/nF. The slope in the
cese of sorbose was 0.142 while that in the case of "ketose®
was 0.083 as compared to theoretical valuss of (0.0295 and
0.0148 regpectively.

3. Dihydroxyacetone has besen reduced in the presence of a

bacterial Jjulce prepared from Acetobacter suboxydans but no

effect on the half-wave potentlal was observed. However, it
is suggested that the polarographic method may be employed

in certain enzyme~catalyzed equilibrium studies.

4. The diffusion currents observed for the different com-
pounds studied hazve been found to be less than those calcu~
lated by use of the Ilkovid equation. Explanations for these

discrepancies huave been presented.
5. In buffered besic solutions (at pH of sbout 10) the dif-
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fusion currents for "ketose" and dihydroxyacetone have been
observed to decrease wlth time., After standing for a period of
less than a day these two aﬂﬁ@aunds showed no reduction
"wave”, PFurthermore, "ketose" developed a bright yellow
color after standing several hours in & cardbonate~bicarbon-
ate buffer solution (pH=9.8). The yellow color disappeared
immedietely when the solutlon came in conteet with alr,
6, "Ketose" has been found not to give two separate reduce
tion "waves"™ as is characteristic of several diketones; how-
sver, the reduction "wave" for two ketonic groups could
sasily overlap, At equimolsar concentrations the diffusion
current for "ketose" was approximastely twice aa great as
that for sorbose probably indicating the presence of more re-
ducible mroups in the former case. The reduction of "ketose"
in ¢.1 M potassium chloride gives & steep maximum on the
current-voliuge curve.
7. The diffusion currents for sorbose and "ketose" have been
shown 10 be strictly proportional to the concentration of
these compounds., Furthermore "ketose" and sorbose may be
analyzed quantitatively in the same solution.
8. Dihydroxyacetone, erythrulose, and "ketose" may be de-
tected in diluted fermentation liguors without the removal
of proteins, The use of the polarographic method in follow-
ing the course of formation of reducible materials in a

fermentation has besn demonstrated.
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